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ABSTRACT

The experiments described in this report were developed to test and
eva'uate prototype tools and advanced techniques to predict geologic con-
ditions on the sea floor. Emphasis has been placed on determining the
mass physical properties of sea-floor sediments, and rocks using geophysi-
cal tools for the identification of associated parameters. A direct cur-
rent resistivity system, fashioned after the land-oriented Wenner array,
was successfully developed. It h~s been shown, through theoretical stud-
ies, that it is feasible to use electromagnetic sounding to measure conduc-
tivity and thereby deduce porosity at shallow depths below the sea floor-
water interface. A seismic shear wave generator prototype tool was built
and successfully tested to produce the transverse wave form in saturated
marine sediments. The reflectivity experiment to classify sea-floor sedi-
ments, by a ship underway, has verified previous field measurements by
Breslau (1967) and others. A relatively high degree of correlation links
acousitc absorption (bottom loss) to parameters of porosity, density,
median grain size, fine-grained sediment types (silt and clay) and sorting
coefficients. These parameters are shown to have a decided interdepen-
dence, and more importantly, provide necessary information for practical
application to engineering problems relating to underwater operations

and/or excavation of the sea floor.
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I. INTRODUCTION

This report is a compilation of investigations performed by four
individuals working in two separate fields of endeavor. The overaill
project objective is to determine the mass physical properties of sea-
floor sediments and rock types to predict the geologlcal implications
involved in excavation of the sea floor and subsurface tunnel ing.
Studies are directed-to defining the geophysical methods most applicable
to the problem., The two fieids of investigation encompass apslicatlion
of electrical and acoustlical methods, and determining whether the tools
and techniques representing these methods have applicatlion in a marine
environment.

The in situ measurement of sea-flcor properties, using electrical
prospecting methods, has shown promise for determining varying conduc-
tivity within the near surface geoioglc section. The work described by
J. H. Beyer and R. Corwin Indicates that conductivity, as a function of
depth, may be determined by direct current reslstivity measurements and,
according to Beyer, it Is theoretically feasibie to employ electro-
magnetic sounding to determine sediment conductivity. Corwin has
further shown that land-oriented direct current resistivity tools may
be modifled for use in the marine envirenment.

Acoustic experiments in this report were designed and tested by
T. Hildenbrand and B. Barnes. Hildenbrand's investigations inciuded
evaluation of mathematlical models to ascertain whether shear waves
could be generated and theoreticaily detected in saturated materiai.

He developed a prototype instrument for generating shear waves to test



his theory. The resuits from field tests in marine environment confirm
the presence of the transverse wave form,

Based on previous investigations, it has been proven that acoustic
echoes reflected from the sea fioor and substrata are 'nfiuenced by the
geologic nature of the media and, furthermore, It is reasonabie to
assume that the respective attenuation and energy ioss may be correlated
to parameters which depict the mass physicai properties of sea-fioor
sediments, The work by Barnes consisted of a fieid exercise t> verify
thic latter assumption and to appiy the resuits to a practicai engineer-
ing problem,

In each task of the overall project a systematic research approach
was applied; first, with an inventory of previous work in the area
foiiowed by an analysis of the theories appiled to a marine situation
and iast, where appiicable, prototype deveiopment to test the feasibility
for application. Much effort was made to personally consult prominent
authorities with years of experience in each of the respective fieids.
These individuais are appropriateiy referenced in the text and the iist
of references.

The philosophy for first approaching the sea floor interface before
considering the prediction of subbottom properties has resulted from a
preiiminary inventory of previous work accomplished to measure the
properties of the sea fioor and a knowledge of Its practicai appiication.
it was discovered very eariy how 1ittle has actually been accomplished
toward development of toois and techniques for making measurements of
sea-fioor sediments and rock. Severai 'firsts' in this regard have

resulted from the effort to date, These are reported in detail in the

text.




As research and development progresses, the objectives wili be
extended to include the lithoiogic variations of both consoiidated and
unconsol idated materiais at depth as weli as on the sea floor. The
ability to predict the geoiogic situation in advance of borehiil driiling
and/or excavation of the ocean bottom and beneath the sea fioor is the uiti-

mate objective of each of the tasks described in this report.




2. DETERMINATION OF SEDIMENT PROPERTIES BY FLECTRICAL METHODS

2.1 éelationshlp Between Electricai Resistivity and
Other Properties of Marine Sediments

Eiectricai conduction in saturated unconsoiidated sediments occurs
through the interstititai water, the minerai grains being severai orders
of magnitude more resistive. The resistivity is determined, then, mainiy
by the amount of water present, its salinity, and by the way the water is
distributed through the sediment. The voiume percentage of pore space,
or porosity ¢ of the materizi determines the maximum amount of water
which can be present. Thus, in a saturated sediment the resistivity is
primariiy a function of the saiinity of the interstitiai water. |In order
to compare the resistivities of various sampies it is necessary to
normai ize the values. This generally is done by caiculating the formation
factor, F (Archie, i1942), where

buik resistivity of sampie - s
resistivity of interstitial water

F =

©

Kullenberg (i952) showed that for some deep-sea sediments the difference

in saiinity between the interstitiai water in the sediments and the bottom

water is, on the whoie, rather smaii, so that p s easiiy obtainabie.
The formation factor is a compiex function of grain-size distribut ion,

grain shape, packing arrangement (see Section 2.3.3), and the degree of

cementation; or looked at in another sense, formation factor is a

function of porosity, permeabiiity, and capiiiarity (Schopper, 1966),

all of which determine the manner by which eiectricai current passes through
I




the materiai. in unconsoiidated sediments the pore spaces are weii
interconnected so that the formation factor is primariiy dependent
upon porosity.

An empiricai reiationship between formation factor and porosity
has been deveioped by Archie (i942):

Fog ™
where he bel ieved m to be a function of cementation. However, Erchui
and Nacci (i97i) have demonstrated that for ciean iaboratory sampies m
ranges from i.6 for sand to 3.28 for sodium nontmoriiionite. in measur-
ing unconsoiidated marine sediments Kermabon et ai. (i969) have found
a more iimited range:

m= .8 to 2.0.

Wylile and Gregory (i953) demonstrated that Archie's Law shouid

be modified to

F = a¢-m
where a, an empirical constant in the range 0.4 to i.4, is a measure of
the effective path iength through the materiai. in unconsol idated
marine sediments the constant a Is near unity.

Thus it appears that a knowiedge of the formation factor of an
unconsoi idated marine sediment couid yieid a reiiable estimate of
porosity. From 2,500 measurements made on ocean bottom cores, Kermabon
et al, (i989) dispiay data indicating that the formation factor is
sufficient to predict porosity to + 6 percent. Porosity, or aiterna-

tively void ratio, e, where

e = T-3




is quite useful for estimating engineering properties of sediments. For
example, in some experiments with ciay sampies Vees and Winterkorn (1967)
demonstrated an inverse straight ilne relationship between the logarithm
of shear strength and the void ratlo. !

On the basis of empirical analyses of unccnsoiidated marine
sediments it |s apparent that porosity can be well correlated with
other pronertles of the materlal. Hanllton (e.g., 1970a, 1970b) has
derived regression equatlons which describe low scatter plots of
porosity versus buik denslty, acoustic impedance, the product of density
times velocity squared, Raylelgh Refiection Coefficient, and bottom loss.
Hamllton's (1970a) data aiso demonstrate a ioose correiatlon between
poroslty and mean grain dlameter,

2.2 The Effect of Suifate lon Removai on the
Conductlvity of Seawater

As has been dlscussed above, the resistivity of unconsolldated
marine sediments is very highiy dependent upon the resistivity of the
interstitial water. if reslstivity measurements are to be made for the
purpose of determining the porosity of the sediments It |s necessary tc
know whether or not the resistlvity of the Interstitiai water Is liable
to deviate slignificantly from that of the overlying bottom water. One
facet of this problem deais with compositional changes of the Inter-
stitial water with time. As a result of interaction of the interstitiai
water with the mineral grains and plant and animal iife in the sediment,
ions will be selectively sdded to or removed from.the waiar, Thils wlili

alter the ionlc concentrations and therefore the resistivity of the

interstitial water.

T S —




An experiment has been conducted to determine the effect upon
the electrical conductivity (the inverse of resistivity) of seawater of
the removal of the suifate ion. of the ions in standard seawater,
sulfate has the fourth highest concentration, foilowing chiorine,
sodium, and magnesium.

Artificial seawater was made according to the recipe of Lyman and
Fieming (i1940), and was found to have a sailnity of 34.87 parts per
thousand using a Mytach Portable Laboratory Saiincmeter to measure
conductivity, and the internationai Oceanographic Tabies (1966) to
caiculate saiinity from conductivity. An aqueous soiution of barium
chioride was used to precipitate the suifate ion from the sea water as
barium suifate:

SO, +Bs T 42 CiT—>Baso, | +2 ci°

The BaCl2 soiution was made to have a Ci~ concentration the same as
that of the artificial seawater so that with the addition of the BaCiy
soiution, the Ci™ concentration of the seawater remained unchanged.
Assuming that the seawater was Dittmarian, the CI~ concentration was
found from wiide (1969, p. 62) to be 0.544 formal. The BaCi, soiution
was, then, 0.272 formai in Ba** concantration, or 0.284 moial, based
upon an experimentaily determined density of 1,045 g/cms.

The SOy, ~ concentrat on In the seawater was 0,028i formai (Wiide,
1969, p. 63), which Is 0.0288 molal for a density of 1.024 g/cmd. Thus,
to precipitate aii the SO, " from the seawater as BaSOy it was necessary
to titrate the seawater witk BaClz sofution at a ratio of

0.0288 moie/iiter of seawater 0.i0i4 lliter of BaCis soln.
0.264 moie/liter of BaCiz soin ilter of seawater

7




Individual sampies of the seawater were titrated with different
quantities of the BaCi2 solution such that, respectiveiy, 20, 40, 60,
80, and 100 percent of the SOy, = wouid be precipitated. The treated
seawater sampies were then filtered and thé conductivity was measured,
The data are shown in Tabie 2-1, The conductivity ratios were
reproducible to within 0.3 percent for ali samples.

The addition of the BaCl, solution to the seawater has two distinct
effects: it significantly reduces the SOy ® concentration by precipita-
tion, and, to a much iesser degree, it reduces the concentrations of

ali the other ions, except CI~, by diiution.

Table 2-i.--Conductivity of seawater with SOQ- removed,

Percent SO, - Conductivity Conductivity
removed ratio (mho/cm)
0 0.987 0.0472
20 0.966 0.0462
Lo 0.944 0.045i
60 0.955 0.0456
80 0.926 0.0443
100 0.939 0.0kk49




The effects of dilution of these ions can be seen by considering

the equivalent conductance, A, where

a
equivalents/cm3

A -
and 0 is the electrlcal conductivity. As Is descrlbed by Tobias (1970},
the equlvalent conductance of an electrolyte at infinite dilution,
Ao, depends upon the contrlbutlons from each of the ionic species

present, so

ho = AS + Ao
where Ag and Ao are, respectiveiy, the summed conductances of
the cations and anlons at Infinite dllutlon. Seawater Is a compl ex
concentrated solutlon, but cleariy, as the lonic concentratlons are
reduced by dllution the conductivity wiil decrease. This 1s demon-
strated by the data in Table 2-1,

The Increase In conductivity which was observed in proceeding from
80 to 100 percent remova! of SOM= could resuit from the addition of
BaCi, solutlon beyond the point of totai S0, removai. In this
eventuali ity qu* lons Jwould remain In solution, with the tendency to
increase the conductivity.

The anomalous Increase in conductivity at 60 percent removal of
Soh= Is difflcult to interpret. Assuming that it s reai, and not
the resuit of an error in the laboratory, the explanation must be that

the ratlos of the complexes of SO[,= in seawater vary pecuilarly In

this concentration.




Based upon an extrapolation of work done by Longsworth (1932) "
on the cation transference number Y of KCI, Park (1964) calculated
the partial equivalent conductance, K, of major ions in seawater.
The results are shown in Table 2-2. (Park'defined equivaient conduc-
tance in terms of cmz/ohm rather than cmz/ohm-equivalent. A thorough
Table 2-2.2/-- Partial equivalent lfonic conductance of major ions

in seawater at 23°C, assuming the cation transference number of
KC! in seawater is 0.49,

Cation A+ Anion -
Na' 31 cI” 59
K* 57 350~ 21
1 mgtt i3 HCO3™ 15
1 catt 19 Br- 63
1 sr+t 21 3 co3= -8

discussion of the significance of this detaii is given by Connors and
Park, 1967). Park explained the negative conductance value for c03=
as resulting from complexing of this ion with some cations in seawater,
and he obtained his values for the degree of complexing from Garrels

and Thompson (1962). Yet Park did not discuss the complexing of SOh=.

also described by Garrels and Thompson. Table 2-3 displays an analysis

1/ The transference number, t, of an ion is the fraction of current

carried by that ion. ci Zj Yi
ti = ¥ c: z. u
IR R N B
where c is the concentration, z is the valence, and u is the mobility. .

2/ From Park (i964, p. 734).

e



of SOq= similar to that performed by Park for C03=, and demonstrates
that as a result of complexing, the effect of SOA= on the conductance
of seawater should be almost negligible. However, this is not in
accord with the value Park computed for Tagle,Z-Z and has apparently
been disregarded.

Table 2-3.-- Calculation of partial equivalent lonic conductance of
S04 ion in seawater.

3/ Equivalent Contribution to

Dissolved Composition= conductanfe overall condugtance
species (Percent) (8 =1 em®) (0 =1 cmé)

S0, 54 21 + 11,

Casoy 3 19 for % ca - 0.5

MgS0y, 21.5 13 for 3 Mg - 3.

Na, SOy, 21 31 for £ Na - 6.5

Total + 1,

Park continued by calculating the contribution of major ijons to
the overall conductivity of seawater. This information is shown in

Table 2-4.

3/ From Garrels and Thompson (1962),




Table Z-h.&/--Percentage contribution of major lons in seawater to
Its overall electrical conductance at 35%,and 23°¢.

lon Equivalent/] I1ter’ welght (%) Conductance(%)
Na® 0.483 30.7 29,

Mg** 0.109 3.7 2.7

catt 0.021 1.2 0.77

K* 0.010 1. 1.1

sett 0.0001 0.0 0.004

cr 0.558 55.2 64,

50, 0.057 7.7 2.3

HCO3~ 0.002 0.1 0.06

Br- 0.001 0.2 0.12

If, in spite of the discrepancy mentioned above, these values are
assumed to be correct, they can be used to calcuiate the decrease in
conductivity of the seawater which would be expected from the addition

of the BaCIz solution.

4%/ From Park (1964, p. 735).

5/ From Harvey (1960, p. 4).
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for 100 percent precipitation of SOQS. the contribution of this ion
becomes zero. The other ions, except for CI7, undergo a dilution of 10
percent. These ions, which account for 33.7 percent of the conductivity
of seawater, have their combined effect reduced to 30.3 percent. This
means that for the unchanged value for c1=, 64 percent, the conductivity
of the seawater should be reduced to 94.3 percent of its initial value
upon the addition of the BaCl, solution. with all 501‘= removed, the
treated seawater should have a conductivity of 0.044S mho/cm,

Computations similar to this for lesser quantities of BaCi,
solution added to seawater would yield conductivities aiong the dashed
line in figure 2-1. This analysis agrees very well with the experimental
data.

It must be noted, however, that at least 60 parcent of the reduction
in conductivity is aue to the dilution of the seawater sampie, while less
than 40 percent is due to the removal of the sulfate ion. The removal
of the suifate ion aione would reduce the conductivity from 0,0472 to
0.0463 mho/cm, a change of 2 percent, which is in agreement with the
theoreticaily obtained vajue given by Park (1964) in tabie 2-4, a
change in conductivity of 2 percent is weii within the range of error
of virtuaiiy aii electromagnetic and resistivity systems, inciuding
resistivity probes, and is therefore insignificant. Thus, it is’
apparent from tabie 2-4, that ionic repiacement of oniy chioride and
sodium is ifabie to resuit in substantive changes of marine sediment
pore water resistivity. This means that a probe designed to seiectiveiy
measure the concentrations of oniy chioride and sodium ions wouid yleid
sufficiently accurate information for the caicuiation of pore water

resistivity,
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2.3 Resistivity Meter for Seawater and
Unconsol idated Sediment Samples
2.5.1 Description
A four electrode device has been constructed to measure the
resistivity of scawater and unconsoiidated saturated sediment sampies.
The sample |s poured into a tube one inch in diameter and about one
foot long contalnling the four equlspaced eiectrodes. An electric
current ls forced through the sampl - between the two electrodes near
the ends of the tube, and a resultant potential difference is measured
between the two intermediate electrodes. The resistlvity, op, of
the sampie is
p = K-

where

K = geometrlcal constant of the sample holder,

1 = current Introduced through the current electrodes,

€ = voltage drop measured across the potential electrodes.
The term K s a constant for the sample hoider, and the current I can
be kept constant regardiess of sample resistlvity, Thus, the sample
resistivity Is proportional to the volitage drop seen across the
potential electrodes. The Instrument is caiibrated (i.e., the term
K/1 s determined) on the basis of readings obtained using samples of
known resistivity.

There are several criteria which shoulid be met by the current

generating and voltage detecting clrcuits. The current source shouid

meet the folliowing specifications:

i5



|. Square wave ouftput.

2. Constant current regardless of sample resistivity.

3. Current output in the range of 0.1 - 1.0 miiliampere.

L, oOutput current independent of suppiy voitage to system.

Direct current cannot be used because the potentlal electrodes
will eventually polarize, makling the measured potential drop to that
existing between the eiectrodes and the sampie. Any a.c. signal could '
be employed but a square wave has the advantages that it is easy to
produce, and when rectified, yields a signai which can easily be
measured at iow frequencies by a meter.

Figure 2-2 shows the circult for the instrument. The square wave
generator is described in the GE Transistor Manual (i964). 1t is a
mod1fication of a muitivibrator circuit with the fiip-fiop action
controlied by a unijunction. The frequency of the output can conven-
ientiy be changed by varying the resistance Ri' With a suppiy voitage
of + 15 voits the square wave output osciilates between + i0 voits,

The current, if kept constant regardiess of the sampie resistivity,
does nor enter into the determination of -esistivity once the instrument
has beer. caiibrated, and therefore dJoes not have to be monitored.
Corstant current is maintained by the circuit which inciudes ope;ationai
ampiifler 1., The current I in the feedback ioop of the ampiifier is
determined by [ = e;/R;, where e; is the input voitage to the awnlifier,
and R; is noted in figure 2-2, The ampiifier increases the output voit-
age e_ to whatever vaiue is necessary to maintain the current I. The

ampiitude of this current, considering the dimensions of the sampie
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hoider, should be In the range of 0.1 to 1.0 miiliampere; below thls
range the output voltage is too iow for reilable measurement of a
seawater sample ( < 1.0 mililvolt), and above thls amperage electroi-
ysis of the water might occur, producing bubbles on the eiectrodes.

The constant current clrcuit Is Sset up to maintain a current of

+ 0.68 miillampere through the sampie.

To make the current [ independent of the suppiy voitage, two
Zener a.CJdes are connected back-to-back across the output of the square
wave generator. The ampiitude of the output voitage of the square wave
generator wiii vary with the suppiy voitage. For this reason, were it
not for the zener diodes, the voltage e; seen by the constant current
clrcuit (and therefore the current I) wouid be dependent upon the
suppiy voitage. The zener diodes maintain e; constant at + 6.8 voits
for any suppiy voitage whose absoiute vaiue is greater than i0 voits.

Criteria which are important for the detection clircuit across
the potential electrodes ar;f'

1. Hygh input impedance.”

2. Amplification of signai.

3. Common mode rejection.

b. Rectification of a.c. signai to d.c. for meter readout.

It is important that the input impedance of the potential me’.suring
circult be high so that the potentiai eiectrodes will draw virtuaily no
current. This avolds poiarization of the electrodes, which can resuit in
potentiais higher than the voitage drop across some sampies., The
potentiai eiectrodes are connected to operationai ;;pllflcrs 2 and 3

(see figure 2-2) which are inexpensive and have Input impedances of




2.5 x IO7 ohms. At this Impedance, frequencies down to 10 hz can be
used without significant eiectrode polarization occurring. Uperational
ampiifiers empioying fieid effect input transistors would aliow iower
frequencies to be used, A

Operational ampiifier 4 is necessary for both amplification and
common mode rejection; it takes the difference of the voltages of the
two potential eiectrodes (after these voltages have been amplified bv

the previous stage). The gain, A, of the potential measuring circuit is

N 20,000 x{ R3 ' R, = R
A (' * Ry ) (I0,000 ) 3 4

and can be switched to different values as shown in the box iIn

figure 2-2, depending upon sampie resistivity,

The ampiified voltage difference between the potential electrodes
Is the input to operational ampiifier 5, which contains in its feedback
loop, an ammater in a diode bridge. The bridge circult rectifies the
square wave current fiow so that it can be measured by the meter, and
the reason for locating the diode bridge in the feedback iocop of an
operational ampiifier is to force the diodes to act idealiy. That is,
the operationai ampiifier raises the woitage across the bridgr circuit
to a ifevel such that the diodes wiil trigger and current wiii fiow. As
a resuit, very smali voitage differences entering the common mode l
rejection clircuit can be detected, and furthermore, the detection
circuit is iinear. The reading seen on the ammeter is proportional
to the difference in potential of the potentiai electrodes and the

resistivity of the sample.
19




To calibrate the resistivity meter, water samples with different
resistivities were prepared and measured on a Hytech Portablie Laboratory
Saiinometer. The resistivity meter proved to be quite linear, as
designed; all known samples ylelded callbr;tion curves within 2 percent
of each other over a range of C.2 to 30 ohm-meters. For the sampie
holder presently being used, all scale readings must be muitipiied by
0.495 to nbtain the sample resistivity,

2.3.2 Use of Marine Sediment Resistivity Meter for Resistivity-

Porosity Correiations

The sampie hoider is a one-inch diameter plastic tube contalning
four equispaced electrodes at separations of two inches. A fileld sampie
is poured into the verticaiiy heid tube for measurement. For laboratory
experiments with regard to the resistivity of marine sediments as a
function of porosity, the sampie hoider has been modified in the fol low-
ing way: a bottomiess graduated cyiinder (aiso, one-inch diameter) has
been gliued to the top as an extension. With this addition, the porbslty
of a sampie in the holder can be determined simuitaneousiy with the
measurement of its resistivity.

Saiine water, which wili become the interstitial water in the
sampie, is poured into the sampie hoider, and its volume (that lﬁ the
sampie hoider pius that extending into the graduated cylinder) is noted.
At this point the resistivity of the water can be measured. Then the
dry, cliean (no saits) sampie is siowly poured into the hoider so as
not to entrap air bubbies. The resuiting change ‘in water level in the

graduated cyiinder is the volume displace by the sampie. The position

20



0f the boundary between the top of the sediment and the clear water
above yields the volume of saturated sediment. The porosity,¢§ , of a

sediment sample ;s

¢ = volume of void space
volume of saturated sample

Thus, the porosity of the sample in the holder s

¢ =1 - final volume of water and sediment-inltial volume of water.
volume of saturated sediment

The resistivity can then be measured without disturbing the sample.
Tapping the sample holder, or shaking it with a mechanical
vibrator, will tend to pack the sedlIment, thereby reduclng the volume
of the saturated sediment whlle the total volume of the sediment and
water column remains unchanged. The porosity can again be calculated

and a new resistivity measurement mace,

2.3.3 Experlmental Results: Analysis of Dolomlte and $11lca Sands
Uslng the resistivity instrument descrlbed in 2.3.1 and 2.3.2,

resistivity and porosity measurements were performed on samples of

well sorted Ottawa(silica) and dolomlte sands of ihe size dlistributions

glven In table 2-5. The data is glven in Appendix 4.1,

Table 2-5,--Size distributions for sand samples

Mesh Particle size in mm
Max. min, mean
Slllca
sand 35 x 48 0.420 0.297 0.354
L8 x 65 .297 .210 .251
100 x 150 . 149 . 105 .125
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Table 2-5 (cont'd)

Mesh __ Particle size In mm
max. min, mean
Dolomite
sand L x 6 4.760 3.36 L4.00
9 x 10 2.00 1.68 1.83
14 x 20 1.19 0.841 1.00

65 x 100 0.210 0.149 0.177

Figures 2-3 and 2-4 show the formation factors of the samples
plotted agalnst porosity. As is to be expected, as the porosity of a
sample is reduced, the resistivity increases.

In comparing figures v-3 and 2-4, it is apparent that the Ottawa
sand data is tightly grouped for all particle sizes, while the dolomite
sand, for any glven porosity, displays Increasing resistivity as the
particle size Is reduced. (This phenomenom might be more easlly vlewed
in figure 2-6 where porosity is held constant.) Figure 2-5 shows
magnified photographs of the dolomite particles. Though the.photographic
reproduction is poor, it is obvious that the smeiler particles are
consicdarably more angular than the larger particles, suggesting that
particle shape has an effect upon formation factor. This is reasonable
because particle shape is a major factor In defining the conflguration
of pore space, and this determines the effectlve conduction path length,
or tortuosity T, of the material. Tortuosity 1s related to formation
factor and porosity as (Wyllie and Gregory, 1953)

= ¢ x F

22
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The doiomite gralns become increasingiy anguiar as the particie
size is reduced, so In packing the particies to a particuiar porosity,
the tortuosity increases with decreasing graln slze. The data dispiayed

[}

in figure 2-6 ylelds the vaiues shown In tabie 2-6 for tortuoslity.

Table 2-6.--Tortuosity values

Mesh ¢ F T

Dolomlite sand b x6 L9 3.0i 2.2
9x 10 Lo 3.22 12.6

14 x 20 L9 3.79 13.3

Sliica sand 35 x 48 Lo 3.56 i2.0
L8 x 65 4o 3.80 2.3

100 x 150 Lo 3.8 i2.4

The fact that the silica sand ylelds tightiy grouped curves In
figures 2-i and 2-6 and oniy a slight variation in tortuosity suggests
that the different slzes of sand particles are of neariy the same shape.

In Archie's Law (F = Oﬂm) the exponent m can be found by plotting
the logarithm of formation factor versus the fogarithm of porosity; m
is the slope of the |1ne deflned by the data. Figures 2-7, 2-88; and
2-8b show the data points coilected for silica and doiomite, respectively.
The data for the silica sand is weil grouped about a llne which indlcates
a value of m of about i.3, which is the vaiue obtalned by several
researchers for spheres (e.g., Wyliie and Gregory, 1953). This
suggests that the grains of slilca sand are well rounded for all the

sizes tested,
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The.formation factor versus porosity data polnts for dolomite
are not, as a whole, tightly grouped except for particular particle
slzes. As is shown In flgures 2-8a and 2-8b, as the particle size
decreases the values of m are about -1.2, li.é. -1.7, -1.8 for the
sizes tested. This ls consisient with the evldence shown above that
the smaller particies are more angular and will yleld hlgher tortuoslty
values.

These tests of the reslistivity instrument using sands were quite
encouraging. The curves shown in flgure 2-6 of sediment conductivity
versus interstlitiai water conductivity are quite linear, as they
shouid be. The average value of formation factor shown in this figure
for L0 percent poroslty Ottawa sand is 3.72. The vaiue determined by
Erchul and Nacci (i971) was 3.83.

The curves of formation factor versus porosity are quite satisfying
given the addltionai knowiedge of the shape of the dolomite grains as a

function of size.

2.4 Inltial Anaiysis of a Marine Eiectromagnetic Sounding System
Probes are presently in use (Kermabon, et al, 1969; Erchui and
Naccl, 1971) which measure the resistlvity of seafloor sediments?
However, these probes disturb the sediment and sampie only a smaii
volume of the sediment through which they pass. One method of
resistivity surveying which would aliow the sampling of a targe voiume

of undisturbed sediment wouid be electromagnetlc sounding.
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2.4.1 System Description

The electromagnetic exploration system envisaged empioys as a source,
a horizontal coii of wire (diameter about one-haif meter) to which an
alternating current is applied. At known horizontai distances in the
plane of the source coii, pairs of smaii receiving coiis are iocated
which measure the horizontai and verticai components of the magnetic
fieid strength. It |s essential that the proper Zrlentations of the
receiving coiis with respect to the transmitting coii be maintained.
For this reason they must be secured to a rigid frame, which would
fimit the maximum coii separation to about § meters; a system even
this farge wouid be rather unwieidy to handie on shipboard and iower
to the seafiocor. The coii separation must be made as iarge as possibie
to maintain a usefuil depth of expioration, In this case the upper |

to 2 meters of bottom material,

2.4.2 Anaiysis

In a homogeneous medium there wouid be no hor!zontal {radiai)
component of the magnetic fieid in the piane of the transmitting coil.
However, If the coii is at the boundary of a more resistive haif space,
such as the seafioor, the fleid wiii be distorted, and the ratio of the
horizontal to verticai components of the fieid wili increase from zero
with the resistivity ratio, or formation factor. Thus, the horizontai

component of the fieid is sensitive to bottom resistivity.

32




The amplitude of the vertical component is, on the other hand,
reiatively insensitlve because devlations due to the bottom material
are oniy a smali fraction of the observed vertlcal fieid. However, the
out-of-phase component of the vertlcai field is, In the viclnity of the
source, due to the dampling effect of the conducting ..edia, and Is there-
fora reiatively sensitive to bottom resistlvity.

The signai seen at the recelving coiis Is highly dependent upon the
frequency of the transmitted signal. At low frequencies there Is very
littie Inductlon (dB/dt) at the detectors, and at very high frequencles
tte field Is severeiy attenuated as a result of the hlgh conductivity

of the sea water and saturated sediment. The ampi ltude of the fieid

R'zexp (-R /%E )

varles as

where

distance from the source

=
]

w = anguiar frequency

conductivity = (resistivity) -

Q
n

permeabiiity

=
]

Coggon and Morrison (i970) have calculated the flelds due to a
verticai dipole (horlzontal ioop) on a homogeneous sea floor; for a

coll separation of 5 meters the frequency range which yields the

strongest response is from 300 hz to 300 k hz. At the upper end of
this freﬁuency range, however, It appears that it would be quite

difficult to bulid a transmitting coli of suitabie physicai size.
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With a receiver at a fixed distance from the transmitter parametric
sounding can be accompiished to determine the response of the sediment
as a function of frequency. A computer program written by J, H. Coggon &/
has been used to caiculate the horizontai éagnetic fieid intensity of
the sea fioor; the curves and sea-fioor modeis are shown in figure 2-9,
It is apparent that one-iayer and two-layer sea bottom modeis yieid
overiapping famiiies of curves. For this reason, using only one
detector it would be impossibie to distinguish between a one-layer
sea fioor with, say, formation factor F =10, and a two-iayer case with
F =05 for the top i meter and F = 100 beneath that. Cleariy, a
particuiar curve represents no unique case,

To overcome this difficuity, it is necessary to conduct geometric
sounding: changing the transmitter-receiver separation. This can be
easily achieved in a marine eiectromagnetic‘system by locating severai
detectors at intervals along a frame extending from the transmitting
coii. The detector nearest to the transmitter wouid have the shailowest
depth of penetration and would yield a resistivity estimate of the upper-
most portion of sediment. This information couid ke used to aid in
interpreting the data from successively more distant detectors. Families
of curves such as shown in figure 2-9 would have to be computed for
interpreting the response. Alternatively, interpretation could be
based upon the gradient of the fieid (actuaily, the difference of the
field strengths seen at two detectors),

It can be noted from figure 2-9 that as the resistivity of the

bottom increases, the horizontai magnetic field bacomes less sensitive
5/ Dept. of Materials Sclence and EngTneering, Univ. of Calif., Berkeley
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to bottom resistivity charges. For formation factors grezter than 10
the sensitivity becomes very poor. A similar effect is noticed for the

imaginary part of the verticai component of the fieid.

2.4,3 Conciusions

Further anaiysis of the marine eiectromagnetic system needs to
be done to deterrine the utiiity of measuring gradients of the horizonta!
field, and to evaluafe more fuily If there is any advantage to be gained
by measuring the imaginary part of the verticai component of the fieid.

Presentiy there appear tc be two severe iimitations on a marine
eiectromagnetic sounding system: (1) depth of exploration creater than
1 to 2 meters wouid necessitate a frame whose size wouid be unmanageabie,
yet the importance of knowing coii separation and relative orientation
wouid seem to require rigid connection; (2) the system wouid be rather
insensitive to formation factors greater than }9.

An eiectromagnetic sounding system couid not distinguish detaiis

of layering to the extent possibie with a resistivity probe, but if
buik properties of the upper portion of sediment were desired, an
eiectromagnetic system couid prove quite usefui. it wouild yieid an
average resistivity over a large voiume of undisturbed sediment, and

would reveai gross layering.

2.5 Resistivity Measurement by Direct Current Methods
The ''direct current'" (D.C,) resistivity methods have bsen used
for many years to obtain information about the structure and poros ity
of subsurface formations on iand. Adapted to marine use, they couid

provide a vaiuabie geophysicai tool for sea=fioor investigations.
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Thire are three principal methods of measurlng subsurface
resistlvity:

1. Inductive electromagnetic techniq?es! in which high frequency
alternating electric fields are used to induce currents and magnetic
fields in the ground (an application of this is discussed in the
previous section),

2. Well logging techniques, in which a smail probe is lowered
into a borehole or pushed Into soft sediments,

3. 'Direct current' methods, In which dlrect or low frequency
alternating currents are Introduced directly Into the ground,'and

potentials are measured by electrodes inserted into the surface of the

ground,

2.5.1 Well Logging Method

The well logging method, as described by Dakhnov (1959) and other
authors,and shown schematlcaily In figure 2-10, has been used for sea-
floor resistivity measurements by Erchul and Nacci (i971), Kermabon,
et al (i969), and Bouma, et ai (1971). Their resuits indicate that
the porosity and density of marine sedIments may be obtained from the
measured eiectrical reslstivity. (The relation between eiectrical and
other physicai properties of sediments |Is discussed more fully in

section 2.1).

The use of a logging probe gives a relatively precise determination
of resistlvity as a function of depth, but does offer some drawbacks,
Measurements cannot be made whiie the ship is underway, and no measure-

ment can be obtained if the probe is unabie to Penetrate the bottom.

Also, the voiume of bottom material sampled by the probe Is smail, which
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1

where K is a faclar depending cn the geometry of the electrode arrangement.

Figure 2-10. Well logging probe used to measure resigtivivy
of marine sediments.’
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may lead to interpretation errors if the sampied point is not representa-

tive of the surrounding area.
2.5.2 Horizontal Array Method

Description.

The use of a horizontal array of electrodes (figure 2-11) is another
standard method of resistlvity surveying on iand. Mooney and Wetzel
(1956), Van Nostrand and Cook (1966), Keiler and Frischknecht (1966),
Grant and West (1965), and Parasnis (i1962), along with many other
authors, cover this topic in detail.

Briefly, a dlrect or low frequency alternating current T is
introduced into the ground through two (or more) electrodes, usuaily
in the form of copper or iron stakes. The potential difference on the
surface of the ground is then measured between two (or more) eiectrodes
inserted into the ground. These may be of the same type as the current
electrodes o; they may be of the non-polarizing' variety. The voltage
AV measured between the potentlal eilectrodes is a function of the
current T and of the reslstivity and structure of the ground below.

By expanding the array, more current is forced to flow at greatier

depths, and information may be obtained on the change of resistivity |

with depth.

Many different array configurations are used for land surveys.

The simpiest 1s the Wenner array (Flgure 2=11), in which ail the
spacings a are equali. This the oniy configuration used In this study
to date although others must be examlned before the optimum array for

marine use may be chosen.
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Interpretation of field data is done by use of a set of curves
relating the ratio AV/] to the spacing a (figure 2-12). Usually,
the ratio is converted to an "apparent resistivity", Py » by use of the

formula

_ AV
pa = 2Ta —r

The apparent resistivity would be equal to the actual resistivity
if readings were made over an inflnite, homogeneous half-space of
resistivity Pa. As may be seen from figure 2-j2, P, changes with
depth in a diffarent manner for different layered sltuations. Use of
the apparent resistivity concept gives a better qualitative feel for
the resistivity-depth distribution, al though the AV/1 . ratio wouid serve
equally well for quantitative interpretatlon. |n this study, the

AV/T. ratlo is used as the ordinate for the interpretation curves,

whether cases of geological interest may be distinguished.

Marine Appiication.

The use of an expanding horizontal array for sea-fioor measurements
(flgure 2-13) has a number of advantages compared with the use of a
probe. The ''depth of penetration' is 1imited oniy by the size of the
array and the amount of current availabie, so information may be {
obtained at considerable depths below the seafloor. Also, measurements
may be made with the ship underway, at a considerabie savings in time

and expense. Even an array on the bottom may, in many cases, be dragged

continuously across the sea floor as done by Marke (1965). On the other
hand, a probe gives a more precise determination of reslstivity with

depth, and interpretation Is simpler because there is no need to refer
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Figure 2-13. Surface and sea-floor Wenner arrays.
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to a set of curves to obtain the resistivity--depth relationship from
the observed data. Also, the curves in some cases contain anbiguities
which make interpretation more difficult.

The probe and horizontal array methods, then, are complimentary.
Since considerable work has been done on the probe method by the authors
cited above, it was decided for this project to investigate the
horizontal array techniques for their applicability to sea-floor
resistivity measurements.

Some previous work has been done in this area. Marke (1965) has
studied the single layer case in detail, and has dragged a fixed array
over the bottom off the coast of Cornwall, England. Volker and Dijkstra
(1955) have measured the chloride content of deep ground waters under
submarine sediments in the Netherlands using a marine Wenner array.
Terekhin (1962) and Van'yan (1956) have examined the theory of the
multilayered submarine case with current and measuring electrodes piaced
on the sea floor. Other Russian workers have apparently published curves
for sea-floor resistivity arrays, and have carried out resistivity
measurements at sea, but we have not yet been able to obtain coples of
their work,

In order to determine the utility of the horizontal array for the
measurement of sea-floor resistivity, sets of curves similar to those
shown In figure 2-12 must be developed for arrays deployed over a
layered bottom, both at the sea surface and on the sea floor. A
comparison of these curves would show whether the surface array, which
must ''see'' through a highly conductlve layer of sea water before it can

sense the bottom conductivity, would be useable for practical surveying
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(it is obviously much easier to tow an array on the surface than to drag
it over the bottom). The work of Marke (1965) indicates that an array
on the surface is much less efficient thanlong on the bottom, but a
more detailed study, especially for layered bottoms, must be made.

Next, 1t must be determlned whether it will be possible to select
or design instrumentatlon capable of measuring the deslred quantitles
with the accuracy needed for practlcal appllicatlon. Flnally, the
instrumentation must be selected (or designed and built) and tested in
the marine environment, and the test results compared with the parameters
measured on the samples taken from the MMTC test range (section 3,2.8).
Development and Interpretation of Curves.

For an array deployed on the sea surface, publlshed sets of curves
such as those by Mooney and Wetzel (1956) %or the Wenner array, or
Rijkswaterstaat (1969) for the Schlumberger arrangement are avallable,
For an array on the sea floor, however, no general sets of curves are
available. Terekhln (1962) has developed the mathematics needed to
solve the most general case, that of a polnt source of current on the
sea floor over an N - layered bottom, but the form of his solution is
not ideal for computer calculatlon of actual values over a bottom with
one or two layers.

Since three layers are usually the most that can be resolved in
practice on land, two layers will probably prove to be the upper limit
of resolution for marlne studies. Therefore, the mathematics and
computer programs to calculate the potentlal distribution over a two-

layered bottom, due to a point source of current on the sea floor,
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were developed. The mathematlical analysls and the computer progrem are
presented in section 4.2.

The program calculates Vr/I, the voltage on the sea floor at
a distance r from the source, divided by the input current. The
value of AV/I for the Wenner array may then be easlly found by use

of the formula
)

AV vr 2r
T - 2(7"1*)
where VZr is the voltage at a distance r from the source. Finally,
the quantity AV/I Is plotted agalnst a |, glving curves such as
those shown in figures 2-14 and 2-15.
In order to be of use In the interpretation of sediment layering,
the curves for various cases of geologlc Interest as obtalned from
field data must be distinguishable. As discussed below, 1t appears
that differences on the order of 1 mlllivolt may be resolved by the
fleld equipment which has been constructed. It is apparent that resolution
is increased by increasing the Input current I, as this increases the
signal to noise ratio. As the current Is increased, more subtle geologlc
cases may be distinguished from each other. Since the system dlscussed
below will provide 10 amps of current, differences In the value of
AV/I  of about 0.1 milllvolts/amp should be distingulshable from the
field data. This value will be used as a prellmlnary criterlon as to
whether two readings obtained in the fleld may be resolved: if the
difference in the value of AV/I for two geologlc cases, at the same
separation a , is greater than 0.) mlllivolts/aﬁp, the curves of

AV/1 vs a for the two cases may be distingulshed at that polnt.
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Flgures 2-14 and 2-15 are examples of the types of curves to be
evaluated. Figure 2-14 shows the effect of varyling the basement layer
resistivity while hoiding the geometry constant for a hypothetical
submarine situation. It may be seen that the difference In the
resistivity of the bottom fayer may be distingulshed for values of
a greater than | meter fof en array on the bottom and for values of a
greater than about 6 meters for an array towed on the surface. Figure
2-15 shows the effecf, for a different layered case, of varying the
depth to the iowest layer and the basement resistivity, The higher
basement resistivities, 25 and 250 ohm-meters (Q - m) are difflcult
or Impossibie to distinguish at any but very large values of a , while
the lower resistivity cases aro distingulshable for values of a ranging

from 2 to 4 meters.

Equipment.

Because commercially avallable resistlvity units are designed to be
used In materlais of high resistivity, they operate at high vol tages and
low currents. A unit to be used in the fow resistivity marine environ-
ment, however, must operate at high currents in order to give useful
values of the AV/1 ratlo; while the fow contact resistances Involved

reduce the need for high voltage. Accordingly, a unlt which uses an

aufomotlve or similar storage battery as a current source, and provlides
Square wave output &t currents up to 10 amps and at frequencies ranging
from 0.2 to 20 cps. was designed and built at MMTC. The wiring diagram
for this unit Is shown In figure 2-16. A high Impedance rectifying
voltmeter for reading AV was also deslgned and constructed

(figure 2-17).
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Field Tests.

Three preiiminary fleld tests have bean run. For the first test a
small array with a fixed spacing a of 20 cm. was iowered fo the
bottom off the wharf at MMTC (figures 2-18 and 2-19). For such a
smail eiectrode spacing, the bottom may be cons!dered to consist of
only a singie layer of resistivity P¢ and the water layer may be

considered to be Infinitely deep. in this case,

21a é{-
where
Pg Is the resistivity of the (single) sediment layer.,

p,, |S the resistivity of the water,

A detaiied derivation of the equation is glven in the Appendix (Sec. 4.2.4),
This formula may then be used to obtain sets of curves such as that

shown in figure 2-20, for a = 20 cm. In thls case, the measured

value of . AV/1 was 140 miilivoits/amp, which gives a value of

ps/ow of 1.3 for the measured value of Py = 0.308.2 - m. The
vaiue of AV/1 appeared to be Independent of the frequency or current
used. The chart recorder was used to monitor the form of the potential
signal. It was noted that the readings were subject to D.C. drift,
aithough the peak-to-peak vaiues of the signal were reasonably stabie,

The drift was probably due to corrosion of the copper potential eiectodes,
Indicating that nonpolarizing potential electrodes are a better choice

In the corrosive marine environment,
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For the second test, an attempt was made to use an expanding Wenner
array off the same dock, deployed first on the surface and then on the
bottom for each spacing a. Nonpolarizing silver-silver chloride
potential electrodes as described by Von Arx (1962) were used, and
drift was considerably reducad. Unfortunately, two factors caused the
readings obtained to be extremely erratic. First, the large plllnés
and considerable amount of metal attached to the pilings undoubtedly
distorted the potentlél flelds severely. Second, a very strong tidal
current made 1t impossible to position the electrodes accurately. For
these reasons, no quantitative interpretation was made of the test
results.

The performance of a towed array was observed for the third fleld
test. The array was In the form of a very rough Wenner configuratlon
with a =25 feet (figure 2-21)., The current electrodes were copper
rods about 1 inch in diameter by about 6 inches in length, whlle the
potentlal electrodes were of an improved silver-silver chlorlde
nonpolarizing type (figure 2-22), No attempt was made to obtain
quantltative readings of bottom resistivity since the configuration
was not known with sufficient accuracy.

An important result, however, was apparent from the test: the
reading of AV between the potential electrodes, wlth no power apélled
to the current electrodes, showed negligible drift and noise levels,
well under 1 millivolt (figure 2-23). When power was applied to the
current electrodes, a typical signal looked like figure 2-2k, The
noise seen on the signal was due to problems in the current source,

which are being corrected, and random motion of the electrodes, whlch
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2-22. Non-polarizing silver-silver chloride electrode.
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could be stopped by taping the four lines together. Once these
problems are corrected, the signal should be easily readable to less ' han

I millivolte,

2.5.3 Conclusions and Recommendations
It appears that the direct current reslstivity method is

applicable to the study of sea-floor properties. Preliminary field test
results indicate that differences in the value of AV of 1 milllvolt
may be resolved and examination of curves such as figures 2-14 and 2-15
shows that with currents up to 10 amps, differences of a milllvolt or
more appear between the curves LV/1 vs. a for at least some of
the geologlc cases studled.

Recommended future work Includes:

1. A study of the different array conflgurations to determlne
which is the most useful In the marine environment.

2. A thorough theoretical comparison between sur:ace- and bottom-
towed arrays,

3. Compilatlon of a large number of Interpretation curves for
cases of geologlc Interest.

. L. Fabrication of a multiple electrode expanding array which may
be streamed at the surface, towed over the bottom, or deployed stationary
on the bottom,

5. Fleld tests over the MMTC test ranges In San Franclsco Bay
(section 3.2.8.1) and Monterey Bay, and comparlson of results wlth those
obtained by coring, drilling, and the other geophysical methods described

In thls report.
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3. DETERM!NATION OF SEDIMENT PROPERTIES BY
ACOUSTIC METHODS

3.1 Refraction Methods

3.1.1 Relationship Between Seismic Parameters and Other Soil Properties
Measured values of compressional-wave velocity, shear-wave
velocity, attenuation coefficients of these two waves, and bulk density

car. be used to determine several properties of sediments. Rigidity,
bulk modulus, Lame's constant, Poisson's ratio and Young's modulus can
be calculated directly while porosity, mean grain size, and shear
strength possibly can be found through empirical relationships with the
measured physical properties. Some previous work aiong these iines has
been conduzted by Hamiiton et ai (1970 ), Hamiiton (1970b, 197i), Horn

et al (1968), Schreiber (1968), Shumway (1960), and Sutton et al (1957).

3.1.2 Experimental Methods

The determination of the shear-wave velocity in the upper layers
of marine sediments is difficult because shear waves wili not propagate
in water and consequently are transmitted poorly in a saturated, porous
medium. On the other hand, the compressional wave is transmitted readily
‘n water and in saturated sediments.

To date, no in situ seismic method has been found that wiil
directly give the shear-wave veiocity in saturated marine sediments. In
fact, in earlier studies by Wood (i9hki), it was assumed there was no
transmission of a shear wave in marine sediments. It was later found
by Nafe anu Drake (1963) and Hamiiton, et ai (i971) that almost aii

marine sediments have measurable rigidities and transmit shear waves.
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Viscoelastometers have been demonstrated to be a means of obtaining
the shear-wave velocity. The methnd involves measuring the real and
imaginary parts of the rigidity from torsional waves oropagating along
the length of a round rod. However, the méthod s very dependent on
the temperature properties of the rod, and furthermore, an in situ
viscoelastometer has not yet been developed.

Another metkod used to determine the shear-wave velocity is the
use of Stoneley waves (Davies, 1965, Hamilton, 1970, et al). Stoneiey waves
are generalized Rayleigh waves that propagate along the interface
between two media such as a water-sediment interface. After obtaining
the Stoneley-wave velocity from a seismogram, the shear-wave veiocity
is found from equations relating the shear-wave veiocity to the Stoneley-
wave veiocity (Strick and Ginzberg, 1956). The d’sadvantage of this
method is that it is difficult to tejl when a Stoneiey-wave begins on
a seismogram. Furthermore, the equations refating the Stoneiey wave
velocity to the shear-wave veiocity assume a liquid fayer over a
homogeneous, isotropic soiid medium which extends to an indefinitely
great distance. These conditions for the soiid medium prove to be an
ideal case that is not seen in earth sediments,

It appears that one does not have to resort to determining the
shear-wave veiocity indirectiy using Stoneiey waves or a viscoelastometer.
By using a specially designed Sy source with & correctiy oriented
horizontal geophone and a vertical geophone, both the shear-wave
velocity and compressional-wave veiocity may be obtained from their
respective direct waves. (The horizontal geophone is oriented to

produce a large response to the direct Sy wave and the verticai s2ophone
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records the particle motion of the direct P wave). This is the method
investigated in this study.

The attenuation of the shear wave and the compressional wave may
be determined using the technique of Fast #ourier Transforming, based
on a Cooley-Tukey algorithm (Cooley, 1967). (n this technique, one
obtains the amplitude spectral density from the anaiog voltage and then
squares this value. After converting the resulting energy to decibeis,
energy versus frequency is plotted, and spectra at different geophones
are compared. For a certaln frequency, the energy level difference
divided by the geophone separatlion Is the ttenuation in declbels per
length unit.

Density vaiues from laboratory measurements on core sampies have
been obtalned at the test faciiity in San Francisco Bay (section 3.2.8).
These values wlll be used In the equations to determine the various
sediment propertles. Because the primary purpose of deveioplng an In
sltu selsmic method is to eliminate measurements on dlsturbed core
samples, consideratlon has been glven to the measurement of the bulk
density in situ using a nuclear gauge. The use of gamma rays to obtain
bulk density in marine sedIments has oeen successfuily accomplished by

Preiss (1968) and Kelier (1965).

3.1.3 Viscoelastlz Model
The seismic parameters to be measured are the compressional -
wave velocity (Vp), the shear-wave velocity (Vg), the compressional-
wave attenuation coefficient (ap), the shear-wave attenuation coefflcient
(ag), and the bulk density (p). These properties were chosen because

if a viscoelastlc soild model is used as a model for the ocean floor,
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then density, and at least four other physical properties, must be
known to determine various other sediment properties. A viscoelastic
model is favored over a Hookean model because the Hookean model does
not explain the attenuation of sejsmic waves in marine sediments
(Hamilton et al, 1970).

To account for this attenuation, Bucher (1964), Hamilton, et al (1970),
and White (1965) replaced the rigidity (y), incompressibility (K), and
Lame's constant (1) by the complex Lame constants (AR + iuI).
(KR4.;KI) and (AR+IAI) In the equations of elasticity. However,
the linear viscoelastic model for a homogeneous Isotroplc medlum
discussed by Flﬁgge (1967) and Fung (1967) appears to be the best model
for the sea floor. The pertinent equations which result from the theory
of FlUgge and Fung are llsted In section L.3.2 of the appendix,

Section 4.3.1 summarizes the notatlon used, and section 4,3.3 shows
the relatlonships between the measured sediment properties and various

other propertles,

3.1.4 Time-Distance Curves

For the in situ seismlic method described In this report, the
shear-wave veloclty is found from a particular wave arrival contalning
information about the shear wave. To determine the best wave arrival
from which the shear wave velocity can be found, several time-distance
curves were constructed for a simple three-layer model where three
source-recelver comblnatlons were considered. The source-recelver
combinations were an Impulsive source In the water with the recelver

on the bottom; an impulslve source and receiver both on the bottom:
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and a Sy-source and receiver both on the bottom. The method used in
constructing these time-distance curves is outlined by Griffiths and
King (1965). The method consisted of calcuiating the time-distance
relationship for each wave arrival and drawing Its curve on a time-
distance graph. Multiple refiections and surface waves were neglected
in the caiculations. Reasonable values were chosen for the compressionai
wave velocity (Vp), shear-wave velocity (Vg), and depths (d) of the
layers. Figures 3-i, 3-2 and 3-3 are exampies of each source-receiver
combination. In the graphs, the symboi 'p' represents the compressionai
wave, "Sv” represents the shear wave poiarized in such a manner that the
particle motion is in a vertical plane, and ”SH” represents the shear
wave polarized in the horizontai piane.

For an Impulsive source In the water and receiver on the bottom, it
was conciuded that wave arrivais containing information about the shear-
wave velocity wouid be hidden by various reflected and refracted waves
or wouid have amplitudes extremeiy smaili compared to the expected
ampl itude of the direct P-wave. Amplitude caicuiations were accompi ished
using the equations of Ewing (1957).

For the source and receiver on the bottom, it was conciuded that
the direct Sy-wave couid be theoreticaily identifled on a seismogram if
a verticai geophone is employed. Aii the other wave arrivais from
which the shear-wave veiocity couid be obtained were found to arrive
too late and, consequentiy, would be hidden by various tompressional

waves,
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The particie motion produced by the direct Sv-wave is vertical and
perpendicular to its line of propagation. Thus, if a vertical geophone
is implanted in the bottom with its sensitlve axis parallei to the
ground motion produced by the direct Sv-waveL the first arrivai on a
seismogram shouid be the direct Sy-wave. This orientation of a vertical
geophone to produce a large response to the direct Sv-wave wili be
referred to as the “Sv-mode“.

The compressionai-wave velocity for a source and receiver on the
bottom may be obtalned in a similar manner. Because the particle motion
of a compressional wave is in the direction of propagation (i.e. radiai),
a horizontal geophone with its sensltive axls dlrected toward the source
would produce a large response to the direct P-wave. Tils orientation
of a horizontal geophone will] be referred to as the ""P-mode'’.

Therefore, one of the proposed seismic methods was the orlentation
of a horizontal geophone in the P-mode and a vertical geophone In the
Sv-mode. The compressional-wave velocity and the shear-wave velocity
wouid be determined from the dlrect P-wave and direct Sy-wave, respec-
tively. This proposed selsmic method is shown in flgure 3-4a.

For the SH-source and recelver on the bottom, it was concluded
that the direct Sy-wave was the only wave that could be efficiently
identified on a seismogram. A horizontal geophone could be orlented
so that its sensitive axis is parallel to the ground motion of the direct
Sy-wave (the ground motion being horizontal and perpendicular to the
line of propagation). This orientation of a horizontal geophone wiil
be referred to as the “SH-mode“. Using the Sy-mode, the flrst arrlval

shouid be the direct SH-wave.
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Figure $-4. Two proposed seismic methods.
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The compressional-wave velocity can be obtained with a horizontal
geophone in the P-mode. Therefore, the second proposed method employed
the use of a Sy-source and two horizontai geophones--one oriented in :“e
P-mode and the other oriented in the Sy-mode (figure 3-4b).

Experiments were conducted to determine which of the two proposed

seismic methods wouid be the most feasibie In marine sediments.

3.1.5 Description of Experiments

Experiments to determine the shear-wave and compressional-wave
veiocities were conducted in three environments. The first env!ronment
was a sand box containing unconsolidated, moist sand; the second was a
beach near the shoreiine where the sediment was sand and gravel, and
the last was in 3 feet of water at a beach on San Franc!sco Bay where

the sediment was aiso sand and gravei.

Sand Box Tests.

The first experiments, conducted in a iarge sand box, were to
determine which of the two proposed seismlic methods would be best to
obtain the shear-wave veiocity. A sand box was chosen because It was
tocated in a buiiding where equipment and faciiities were readily
accessibie. The box was i5 feet square and overiaid a concrete bottom
at a depth of 3 feet. Aithough the sand was moist and very unco&solldated,
it was unsaturated so only a rough idea of the feasibiiity of the proposed
selsmic methods was determined.

A 12-pound sledge hammer and an impacting plate (8 Inches x 8
inches) were used as a source of energy to produce, in particular,

Sv-waves and P-waves. The hammer contained an inertia switch so that
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the hammer inpact would trigger the recording devices. The SH-source
consisted of a carpenter's hammer and a metal stake. The Sy-source
and the method of production of Sy~waves are shown in figure 3-5, The
recorder was triggered as the triggering circuit was ciosed when the
hammer forced the i'exible metal strip against the base of the stake.
The horizontai geophone used in detecting the ground motion was a
Hail Sears geophone with a naturai frequency of 4 Hz. The vertical
geophone empioyed was a Hall Sears Modei HS-5-Li which has a naturai
frequency of i4 Hz. These phones were piaced firmiy in the sand. Then
I-foot intervais were marked off with a tap measure. From station-to-
station, energy was transmitted into the ground using the seismic
sources, and the resuiting ground motion detected by the geophones

was recorded for the various modes of operation,

Beach Tests.

Because satisfactory resuits were obtained in a moist, unconsolidated
sediment In identifying the arrival of the direct P-wave and direct
Sy-wave, experiments were conducted next in a siightiy undersaturated
sediment employing two horizontai geophones (one in the SH-mode and
the other in the P-mode). A sand and gravei beach was chosen as the
fieid site. Using the FS-3 refraction recorder (sec. 3.1.6.1), experi=
mental runs were conducted on the beach near the shoreiine. For the
SH-mode the Sy-source was used whiie the hammer and piate were used

for the P-mode,
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Shallow Water Tests.

In order to calculate the shear-wave velocity and the compressional-
wave veloclty in an actuai marine sediment, a Sy-source had to be desligned
for underwater use. Several sources were investigated with consideratlon
given to their energy, capability of producing SH-waves, and ease of
operation. Some of the sources investigated were blasting caps,
capacltors, alr guns, and reguiar rifle cartridges. The source flnally
declded upon was a small 3-cublc-inch air gun with the capability of
belng reduced to l-cubic-inch,

To produce a large Sy-wave, a probe was desligned to be attached to
the alr gun (figure 3-£). As the probe is Impianted into sediment,
water and a iittle sediment wili enter the probe. When the alr gun is
fired, the sudden expansion of the air will force the water and sediment
out the side of the probe. The force of thls stream of water and
sediment wili cause a rotational movement, generating a large Sy-wave
perpendicular to the rotationai movement.

At a beach on San Francisco Bay the alr gun, with the probe attach-
ment, was tested for its effectiveness of producing Sy-waves. The
field site was in 3 feet of water. The exit port on the probe was
implanted by hand to a depth of | foot into the sediment. Two geophone
units (each contained a vertical geophone and horlzontai geophune) were
implanted at a distance of 3 feet and 5 feet from the air gun. The
horizontal geophone was oriented in the Sy-mode. The four-trace oscii-
loscope, with camera attachment, was used for recording. The oscillioscope

was triggered off the battery which triggered the solenold of the air gun,
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Unfortunately, the piston, when returning to its initial position
after firing the air gun, sucked sediment into the probe. The probe of
the air gun eventualiy became obstructed with sediment. This limited
the number of shots for every implant of the probe (a maximum of three
shots achieved). Sometimes the probe became obstructed just from
inserting it into the sediment. Consequentiy, a |lttie data was

accumulated.
3.1.6 Data Acquisition and Resuits

Refraction Unlt.

One method of recording the wave arrlvals was the use of a
refraction unit (Huntec model FS-3 Portabie Facsimile Selsmograph),
a singie~channel time-distance plotting Instrument. The record,
Produced on electro-sensitive paper, is In the form of short dashes
which represent the positive zero crossings of each cycle of the wave
arrivals.

To determine the feaslblllity of the proposed seismic method
employlng » vertical geophone In the Sv-mode and a horizontal geophone
In the P-mode, experimental runs in the sand box were conducted first
in the P-mode and then In the Sy-mode because the refraction unlt is a
single-channel Instrument. The source employed was the sledge hammer
and Impacting plate., Figure 3-7a shows one of the time~dlstance records
produced with the horizontal geophone in the P-mode. The iine drawn in
the record represents the direct P-wave. The resuits for the compres-

sional-wave velocity are listed In tatie 3-1 for three experimental runs.
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Figure 3-7. Time-distance records from uncongolidated sand.
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Figure 3-7b is an exampie of a record produced with the verticai geophone
in the Sy~mode. The velocities obtained from the inverse siope of the
first arrival for three experimental runs gave the veiocity of the
compress ionai wave, The resuits are iisted in Table 3-i. Therefore,
with the refraction unit, it can be concluded that the shear-wave
veiocity cannot be obtained from the first arrivais with the geophone
oriented in the Sy-mode. With difficuity, it was possibie to draw the
curve that appesred to be the direct Sy-wave on some of the records,

Tabie 3-i.--Wave veiocities in unconsoiidated sand
using refraction unit

jompress ionai- Shear-wave
wave velocity(ft/sec) velocity(ft/sec)

First proposed

seismic method P-mode: 6i0 -
610 -
63 -
Sy-mode: 665 -
6i0 -
6r9 =
Second proposed
seismic method P-mode: - -
Sy-mode: - 324
- 308
- 334

Next, the determination of the shear-wave veiocity and compressionai-
wave veiocity, using the second proposed method, was conducted in the
sand box., With the SH-source, records were produéed with the horizontai

geophone oriented first in the P-mode and then in the Sy-mode,
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Figure 3-8a shows an example of the records produced with the horizontai
geophone oriented in the P-mode. No djrect P-waves were present on the
records, revealing that the SH-source does not produce direct P-waves of
sufficient energy to trigger the refraction unit. However, the direct
Sy-wave was seen with the horizontai geophone oriented in the SH-mode.
Figure 3-8b shows one of the records and Tabie 3-i iists the caicuiated
vaiues for three experimentai runs. From the beach tests, both the
direct Sy-wave and the direct P-wave were identifiabie on the records.

Sampies of the resuits are shown on figure 3-9.

Duai Beam Osciiioscope with Camera.

The second type of recording instrument used was a duai beam
osciiioscope (Tektronix type 555). Because this osciiioscope has two
independent inputs, the outputs from two geophones were traced simui-
taneousiy on the screen. To record the wave arrivais, a camera was
attached to the osciiioscope screen. Poiaroid type 47 photographic
fiim (3000 ASA Speedy was used.

The same operationai procedures were empioyed to determine the
feasibiiity of the two proposed seismic methods as were conducted with
the refraction unit. First, the seismic method with a vertical! geophone
in the Sy~mode and a horizontai geophone in the P-mode was tested in
unconsol idated sand using the siedge hammer and impacting piate as the
source. An exampie of a typicai picture obtained is shown in figure
3-i0a. A time-distance graph constructed from first arrivais from
severai pictures is shown in figure 3-ii and reveais that the first
arrivai at both geophones is the direct P-wave. The resuits of two

experimentai runs are iisted in Table 3-2.
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The second operation consisted of orienting the horizontal geophone
in the SH-mode. Because only one horizontai geophone was available,
experimental runs could not be conducted with a horizontal geophone in
the Sy-mode and a horizontal gecphone in the P-mode (i.e., the second
proposed seismic method). However, previous results have shown that
the compressional-wave velocity can be obtained from the first arrival
produced by a vertical geophone in the Sv-mode; and therefore, a vertical
geophone was used. Figure 3-10b shows one of the pictures taken using
the Sy-source. Plots of first arrivals on a time-distance graph for
two experimcncai runs are shown in figure 3-i2. The graph shows that
both the direct P-wave and the direct Sy-wave were obtainabie, and
their caicuiated veiocities are iisted in Tabie 3-2.

Tabie 3-2.--Results in unconsol Idated sand
using osciiioscope

Compressionai- Shear
velocity (ft/sec) velocity (ft/sec)
First proposed ==  P-mode: 580 --
Seismic method Sy-mode’ 570 .-
Second proposal == iy-mode: 560 .-
Seismic method Sy=mode: .- 340

Additional experiments were conducted in unconsoi idated sand using
the duai beam osciifoscope. However, the oscilioscope was converted to
four traces by use f a Tektronix iAbpiug-in (i.e., the osciiloscope
was converted to a four-channe! recorder). Furthermore, four geophone

units were empioyed. Each unit consisted of a vertical geophone and a
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horizontal geophone (Geospace HS-5 Model K). These unlts were implanted
in a line with the horizontal geophone oriented in the Sy-mode. A
typlcal picture for the four horizontal geophones oriented ir the
SH-mode is shown in figure 3-13a. The first arrival tlme of 2ach of

the four traces was determlned and then plotted on a time-dlstance

graph {figure 3-14), The inverse slope of the line obt:sined from

these four points gave the shear-wave velocity from a single picture.
The graph shows excelient results for flve plctures taken.

The experiment was repeated uslng the four vertical geophones and
the hammer and plate source. A typlcal record is shown in flgure 3-12b,
and the results of four pictures are plotted on a tlme-dlstance graph
in flgure 3-15. The compressional velocitles obtained are listed In
the graph.

For shallow water tests, one of the problems encountered In the
oscllloscope recording was readlng data values that were burled due to
too large a tlme scale on the oscllloscope. It was dlfflcult to measure
the arrlval time difference of the dlrect P-wave between the two vertlcal
geophcnes. Flgure 3-16 shows two plctures that were taken, By measuring
the difference in arrlval tlime of the dlrect P-wave and direct Sy-wave
between thelr respectlve geophones and dlviding by the geophone
separatlon (2 feet), a compressional-wav.> veloclty of 5,000 ft/sec
was calculated from both pictures, and a shear-wave velocity of 340
ft/sec and 242 ft/sec was calculated from plcture ! and 2 of flgure

3-16 respectlvely.
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a. Wave arrivals from four horizontal geophones in Sy - mode
( source-receiver separation distance listed ¢n fraces. )

b. Wave arrivals from four vertical geophones in Sy - mode
( source-receiver separation distance listed on traces. )

Figure 3-13. Geophone records - uncongolidated sand.
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3.1.7 Conclusions and Recommendations

of the two proposed seismic methods studied, only one proved
to be feasible in determining the compressional-wave velocity and shear-
wave velocity. The method consisting of a vertical geophone oriented to
produce a large response to the direct Sy-wave and of a horizontal
geophone to produce a large response to the direct P-wave was shown to
give only the compressional-wave velocity and not the shear-wave
velocity from first arrivals. This was due to the fact that either
the vertical geophone was not implanted perfectly normal to the surface
(if one assumes that the direct P-wave travels on the surface), or
velocity increases with depth in the sediment, which would result
in the direct P-wave making an arcuate path to the surface. Both
would cause the ground motion of the direct P-wave to be detected by
the vertical geophone.

The second proposed seismic method was shown to give both the
shear-wave velocity and compressional-wave velocity from first arrivals
in unconsol idated sand, on a beach of slightly undersaturated sand and
gravel, and in San Francisco Bay in saturated sand and gravel. Using
an Sy-source, the direct Sy-wave was seen in the records with a
horizontal geophone oriented to produce a large response to the direct
Sy-wave. For this method, the direct P-wave can be seen either with a
horizontal geophone oriented to produce a large response to the direct
P-wave or with a vertical geophoe.

As may be seen from the experiments conducted, the primary goal to
date has been the determination of a seismic method to obtain the shear-
wave velocity. It is belleved that by using the air gun with the probe

attached, Sy-waves will be generated with sufficient energy to be detected.
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After satisfactory results have been obtained at the beach using
the air gun, an acoustically dead framework, on which will be attached
the four geophone units and the ajr gun, will be designed and constructed.
A sketch of the framework is shown in figure 3-17. Upon compietion of
the framework, the stations in San Francisco Bay, where core samples
were taken (section 3.2.8), wili be reoccupied. After determining
the compressional-wave velocity, shear-wave velocity, and their
attenuation coefficients, and using the value for buik density deter-
mined from the core samples, the sediment properties in Table 3-3 will
be caiculated. Furthermore, an attempt wili be made to find empirical
relationships from which porosity, shear strength, bﬁlk density, and
mean grain size can be predicted from the in situ measurements of the
compress ional-wave veiocity and/or the shear-wave velocity. These
four sediment properties have been related to the comp}essionai-wave
velocity for various environments by Hamilton (i970b), Horn (1968),
Schreiber (1968), and Lewis (1971),

Because the undisturbed buijk density is preferabie for calculating
the sediment properties for a viscoelastic soiid model, consideration
has been given to the construction of a nuciear density probe to be
attached to the framework. Cesium i37 with a strength of 5§ to i0
millicuries seems to be suitable radioisotope. it has a haif 1ife of
approximately 30 years and emits a gamma photon with a discrete energy
of .662 mev. A scintiliation counter would be used to detect the
electrons emitted by the sediment. The separation distance wouid pe

approximately | foot,
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3.2 Classification of Sea-Floor Sediments by a Ship Underway

3.2.1 Concept

The geologic nature of the sea floor h:os long been known to have
certain intrinsic physical properties amenable to measurement by remote
sensors as well as in situ devices. Acoustic soundings of the bottom
and subbottom with seismic energy in the form of short pulses and re-
cording the echo or reflected energy from acoustically reactive horizons
has become a popular method employed by geophysicists to map the vari-
ability of the earth's geologic structure. Although it has been theo-
retically recognized that the method has application for determining
mass physical properties of sediments and rock, the utilization has not
developed. Requirements for this kind of data were minimal until ocean
exploration began. The nced for sea floor engineering properties and
better knowledge of sediment distribution has prompted new interest.
Two obstacles still remain and have limited widespread application of
the methods. The first concerns the time consuming detail required in
data processing and the second lies in the uncertainty involved in
relating the attenuation or loss of seismic energy noted in continuous
seismic profiling to parameters depicting the engineering and physical
properties of the materials. The advent of the digital computer has
overcome the first obstacle, but many more field exercises must be
conducted to take measurements before a thorough understanding of the
uncertainties of the second obstacle is possible. The work described

herein entails one such exercise.
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3.2.2 Procedure

A simple, Sstraightforward approach to making acoustjc measurements
of the sea floor ijs described. Basically, it involves the continuous
mapping of reflection coefficients by comparing the peak amplitude of
the transmitted pulse (impulse) to the peak amplitude of the echo or

reflected pulse (response). In this investigation the acoustic-reflec-

Continuous recording of seismic events depicting the impulse-response
functions for each of the two sources and their respective receivers is
obtained. The peak amplitude measurements are taken from the zero line
of the pressure wave train, measuring only the positive excursion from -
line,

The data presented in this report was developed without the aid of
digital computer Processing. Analog measurements were reduced manually
from photographic reproduction of data acquired on analog magnetic tape.
It was felt that the initial investigation shaid pursue this course to
gain better familiarization with the signal/noise variations and under-
standing the physical (geometrical) problems encountered in making
acoustic measurements of this type. Future plans will include machine
processing which will undoubtedly enhance the precision and handling of

the voluminous quantity of data.




3.2.3 Previous Investigations

The first analysis of acoustic transmission in seawater began
during World War 11 when several investigators looked into submarine
warfare applications (1946). Slant angle measurements at various fre-
quencies and distances provided the first data on the sea floor geological
environment. Attenticn w2s focussed on two aspects relating to wave
propagation phenomena and sediments per se. In the period following the
war, investigations by Liebermann (1948), Urick (1954), Urick and Saling
(1962), Mackenzie (1960), McKinney and Anderson (1964) and Jones, et al
(1964) were directed to the characteristics of sound transmission and
reflection. Attention was not given to sea-floor sediments and their
mass physical properties until the mid 1950s when investigations by
Hamilton (1956), Shumway (1960), Sarmiento and Kirby (1962), Richards
(1962) and Nafe and Drake (1963) commenced. Actual field measurements
of reflectivity and correlations to sediment type, by a ship underway,
were made by Taylor-Smith (1968}, Taylor-Smith and Li (1966) and
Bres iau (1964 and 1967) in the mid 1960s.

The material presented in this section is another effort tc obtain
field measurements, but with a practical application in mind. The work

generally follows the recommendations of Breslau (1967 and personal

communications) that more investigations and measurements are needed over
all water covered areas. This effort for purposes of satisfying both

the objectives of the contractor (ARPA) and NOAA is limited to the
Continental Shelf water depths. It is felt the practical application

for sea-floor tunneling and excavation for foundations engineering,
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mining (dredging) and defense purposes necessitate concentrating
attention on this zone. Several technologic advances since the work
performed by Breslau (1964 and 1967) are incorporated in the electronic
systems .2d in this investigation.
3.2.4 Theory Deveioped

A simplified approach to a very compl.‘ physical process involving
wave propagation, attenuation and absorption has been used in develop-
ing the model of the sea floor-water interface. The sea floor is
considered as a plane interface between two fluids. Energy is focussed
on a zone of about one square meter surface area. The backscattering
strength associated with this surface area depends much on the roughness
of the sea bottom. A smooth bottom acts as a mirror such that the re-
flected energy is concentrated on the specular direction. A rough
bottoa will reflect the energy more evenly in all directions. It is
important to note that the terms 'smooth' and "rough' must be considered
in relation to the acoustical wave length. Where the wave length is
only a few centimeters it is seen that a 100% smooth bottom is rare.
Even small stones, holes or ripples will make the bottom rcugh in the
sense considered here. When + sound wave strikes the sea bottom, part
of the incident energy will be reflected. The reflected energy is
spread in all directicns wiih a typical distribution as shown in figure
3-18. The distribution is totally dependent on the roughness of the
sea bottom. Figure 3-19 illustrates how the roughness of the topography
can influence the bottom backscattering strength as a function of the

grazing angle. The angle of incidence is seen to also play an important
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role in determining the strength of the echo signal. The experiments in
the following description were all conducted with the source and receiver
set up to record normal incidence. 1t can be shown that theoretically
the most accurate measurements of bottom backscattering strength should
be obtained with a narrow beam transducer. If the beam width is 5-10°
between the 3dB points the bottom backscattering strength will vary only
a few dB or less within the beam, of course depending on the type of
bottom. The magnitude of the bottom sampling area will depend on the
pulse length of the transmitted sound. The shorter the pulse the smaller
the sampling area. Figure 3-20 illustrates the beam width, pulse length
and area concept.

In the exercise conducted for this investigation, two sources are
employed. One is an uncontrolled beam width emitting a .5 millisecond
pulse length and the other is a narrow beam (7.5°) echo sounder having
a pulse length of .25 millisecond.

Derivations.

A detail treatment of the mathematical description for acoustic wave
propa- ition, reflection and absorption (bottom loss) is contained in the
appendix (section 4.4) to this report. Several references were consulted
and the best mathematical expressions relating to the experiments con-
ducted in this investigation were taken from derivations by Breslau
(1968).

From the derivations the most useful equations applicable to data
reduction and processing are represented by defining the relationship

between the fractional loss of intensity at the sea floor, K, and the

101




‘9g8ynd punos po233WUDAL ‘(pg-g sanbig

2 ,00/4008 :
e
/iﬂlﬁ%ﬂrk@,ﬂ%ﬂﬂﬂﬂc ..,..._,.__.,.._....__,... \

o

BEiy (DiudWaidU| = yYp m
Wibua asind = d
Yiptm wolg = M8

e e L L

L
#3inog Sy

uo1§2341Q




Rayleigh Reflection Cozfficient, R.

i.e. K= R2 (Eq. 13)
where K is defined on a peak pressure basis, thusly

K = ;ﬁz (20)% L (Eq. 8)
where > ©

PR = pressure of the echo pulse

Pg = pressure of the source pulse

D = transmission loss due to spherical spreading

e"XZD = transmission loss due to dissipative attenuation of

sound in seavater
Expressing Eq. 15 as a logarithmic function to get decibel form gives

an expression of the fundamental equation for bottom loss, BL
i.e. BL = SPL - EP - TL, - TL

A (Eq. 15)

L S

where
BL = bottom loss (in dB) and is equal to - 10 log K

Spp = pressure level of the source pulse (in dB//1 dyne/cmz)
and is equal to 20 log Pg

Epp, = pressure level of the echo pulse (in dB//1 dyne/cmz)
and is equal to 20 log Pp

TLg = spreading loss (in dB) and is equal to 20 log 2D

TL, = attenuation loss (in dB) and is equal to 10 2D log e
A final expression relates to bottom loss, BL, to reflectivity, R.

BL = 20 log R (Eq. 17)
Other manifestations of these basic expressions that include measure-
ments dealing with the energy versus time waveform of the echo are

described in Breslau's paper (1968). Since this investigation was

concerned only with peak pressure measurements, the derivations relating
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to energy in the echo strength are not included in the appendix. .

Reiation of Bottom Loss to Mass Physical Properties. '
The mass characteristics of the bottom sediment are related to
bottom loss through the Rayleigh Reflection Coefficient and the acoustic

impedance contrast (Eq. 12) at the interface, and it has been shown by
Eq. 17 how the Rayleigh Reflection Coefficient is related to bottom loss.
It is possible to establish a relationship between porosity and bottom
loss through the expression for impedance ( Z ) which is dependent upon
density and compressional velocity, both factors that relate to the
porosity of natural sediments.

In summary, several investigations have ascertained a linear re-
lationship exists between porosity and density, in particular that
bottom loss as deduced from many measurements made on sediments bears a
definite relationship to the porosity of the sediment. And furthermore,
since the porosities of natural sediments are somewhat related to sedi-
mer.t grain size, it is also possible to establish a general relationship
between bottom loss and the geological properties of sediments.

For further discussion of the sediment bulk properties and vari-
ations within the physical makeup of the grains, interstitial properties,
etc. and more specifics on how these factors influence porosity, the
reader is directed to the papers by Nafe and Drake (1963), Birch et al
(1942), Hamilton et al (1956), Shumway {1960), Sutton et al (1957) and
Breslau (1964). The information available on this subject is too vo-

luminous to be discussed here.
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3.2.5 Description of Geophysical Instrumentation and Equipment

The instrumentation used for acquisiticn and processing the data
is discussed independently according to its location and function. The
recording and sound source equipment is all shipborne, the reproducing
and processing equipment is located in a shore-based central processing
facility. The block diagrams given in figures 3-21 and 3-22 illustrate
the data flow. Elements in the data flow are indexed by circled letters
for purposes of discussing the components and their respective signal
processing function.

Acoustic Sources (Shipborne).

The acoustic-reflectivity measurements incorporated two acoustic
impulse sources, an electrical type discharge generated by a multiple-
electrode sparker sound source (figure 3-23) and a standard fathometer
transducer. The directional multiple-electrode sound source (DMSS;,
developed by MMTC, is powered by a capacitor bank capable of delivering
a maximum output of 1000 joules. For this experiment, 500 joules was
the operating power, measured at the capacitor. Effective power de-
livered at the source varies; however, tests indicate at least a 60%
power 1oss occurs due to transmission loss. This is a factor normally
overlooked in rating power delivered in spark discharge seismic systems.
A more meaningful value is the acoustic output determined by calibration
using a standard. The measured average acoustic power output of the
source is 101.5 dB/V/ubar referenced to 1 yard,

The DMSS source is a prototype test tool thaf produces a broad

band frequency spectrum which ranges from 0 to 5 KHz. Center frequency
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is about 2.5 KHz. The short pulse length and wide beam enable a specular
energy distribution yet retain a relatively high resolution for shallow
(water operation) penetration. Directionality of this source has been
tested giving about 3 to 5 dB improvement in the vertical (downward
projecticn) plane when the cylinders are in the downward orientation.

The multiple electrode arrangement produces what is essentially a iipe
source. Bubble collapse which is known to generate undesirable secondary
impulses is minimal. This was the primary reason the DMSS unit was se-
lected over single and triple electrode sources.

In conjunction with the DMSS unit, a Raytheon Model DE-731 Pre-
cision Fathometer and Depth Recorder (figure 3-24) was used. The 41.5
KHz discrete frequency source is a hull-mounted barium titanate piezo-
electric type transducer. It has a narrow beam angle of 16° at -3dB on
the frontal plane and a 43° beam in the athwart ships plane. The trans-
mitted pulse is rated at 600 watts into a 150 ohm load. In terms of
acoustic power delivered this is 113 dB/V/ubar at 1 yard.
Impulse-Response Receivers (Shipborne).

The sparker impulse (transmitted peak pressure) hydrophone receiver
array (figure 3-25) consists of nine hydrophones connected in parallel
whose output is fed directly to a shipboard single channel amplifier.
The array is mounted piggyback to the acoustic source unit during the

operations, thus representing as near a direct coupling to the source as

possible (figure 3-26). Throughout the survey, the amplifier gain of
the piggyback hydrophone array is set at near unity to eliminate over-
loading and signal distortion that could affect the amplitude measure-

ment.
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The sparker source with the piggybank hydrophone is towed alongside
a main hydrophone streamer at a distance of about 75 feet astern of the
ship. The main hydrophone streamer receives the reflected response from
the bottom and subbottom seismic horizons. The maximum side-by-side
distance employed throughout the survey was about 10 feet, thereby
affording the reception of essentially a normally incident signal.

The average effective dynamic range (in field operation) of the
impulse hydrcphone is 80 dB. The low end sensitivity is limited by random
electronic noise. The basic receiving sensitivity is -92.4 dB/V/ubar,
and the maximum amplifier gain is 42 dB.

The signals from the sparker impulse hydrophone and the main hydro-
phone streamer are fed independently through the shipboard amplifier and
then onto separate tracks of a 7 channel analog magnetic tape recorder
(figure 3-27). Shipboard amplification of the impulse receiver is kept.
near unity, The main hydrophone streamer amplification varies according
to the gain needed to boost the signal above the noise threshold. Con-
ditions that can cause changes in the gain are; 1) large variation in
water depth, 2) externally generated noise, or 3) marginal reflectivity
due to high energy loss in soft, unconsolidated sediments. Annotation
of the variations in gain settings to the amplifiers is recorded as
changes are made. The data is then normalized in processing.

In some instances the signal generated by the number 1 main hydro-
phone streamer is inverted. This is due to processing the signal
through a 100 Hz high-pass filter. The graphical reproduction of the
analog of the wave train on the visicorder display will therefore re-

flect this inversion., Whether it is inverted or not is dependent upon
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Figure 3-27. 7-channel
analog tape recorder
(Ampex model SP-300)
and receiver-amplifienr.

Figure 3-28. WNo. 2 main hydrophone array.
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filtering. The number 2 main hydrophone streamer signal is always in-
verted.

Two main hydrophone streamers were alternated throughout the survey,
One streamer, designated as No. 1, (figure 3-25) consisted of 20 hydre-
phone elements divided into 8 electrical sections or groups of either 2
or 3 elements, Within each group, the phones are wired in parallel. The
groups are wired in series. The signals from the elements are amplified
by preamplifier modules in the streamer. The number of groups activated
vary according to the operator's selection. Variation is controlled at
the shipboard amplifier unit. The signals from all 8 groups or fewer
can be composited and amplified at the shipboard control unit. The
average effective dynamic range of the number 1 hydrophone is 29.2 dB.
The low end sensitivity is limited by the towing noise observed on the
records. The nominal operating dynamic range is 46 dB where the low end
sensitivity is limited oniy by ambient noise generated by the electronics
and vibrations. The basic receiving sensitivity is -75.5 dB/V/ubar. The
maximum amplifier gain is 52.3 dB with the 100 Hz filter on.

A depth transducer is contained in the number 1 streamer and infor-
mation regarding steamer towing depth is read out on a calibrated meter
on the front panel of the shipboard amplifier unit,

The number 2 main hydrophone streamer (figure 3-28) consists of 18
hydrophone eleuents divided into 3 electrical groups of 6 elements, each
wired in parallel, with the groups wired in series. Preamplification of
the signal and shipboard amplification and capability for group vari-
ation is the same as used on the number 1 streamer. The average effec-

tive dynamic range (in field operation) of this hydrophone is 32 dB.
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The low end sensitivity is limited in this case by towing noisc observed
on the records. The nominal dynamic range is 47 dB. The low end sensi-
tivity in this case is limited only by ambient electronic and vibration
noise. The basic receiving sensitivity is -76 dB/V/ubar and the maximum
amplifier gain is 46 dB. The number 2 streamer does not have a depth
transducer.

The receiver hydrophone for the 41.5 KHz fathometer transducer has
a dynamic operating range of 60 dB. This value was not measured, but
was ohtained from the Raytheon Model DE-73] Fathometer Depth Recorder
Operation and Maintenance Manual.

Signal Processing (Shipborne).

The transmitted impulses and return echoes are monitored at the
transducer input. The signals are next fed to attenuator circuits to
reduce the transmitted impulses to an acceptable recording level, The
transmitted signal was attenuated by 43.2 dB and then fed directly to
the magnetic tape recorder. The return echoes are attenuated by only
2.7 dB, while the accompanying transmitted signal was clipped by diodes.
The low amplitude echoes are then amplified and these signals fed to the
magnetic tape recorder. The transmitted fathometer impulse amplifier is
an R-C coupled wide band, solid state amplifier with a 40 dB maximum gain

and a frequency response of 20 Hz to 500 KHz. The amplifier features

low harmonic distortion, flat frequency response, and high stability due
to the fact that its variable gain is determined by a ratio resistor that
varies the amount of negative feedback rather than a nonlinear transistor.
All specifications for the Wide Band Amplifier (Model 1202-3) were taken

from the Technical Manual of the manufacturer, California Electronic
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Manufacturing Co.

The Ampex Model SP-300 rack mounted magnetic tape recorder is a
seven track recorder using 1/2 inch, 1.0 mill tape on type NAB 10-1/2
inch reels. It is operated at a tape speed of 15 ips, accurate to a
rated + 0.2% and with flutter specification of less than 0.15%. The
head assemblies are IRI; compatible. The seven individual plug-in
amplifiers enable direct or FM record or reproduce capability. The
direct record mode of operation is used in this application.

The input signal range required for a normal level of recording is
specified at 0.5 to 10.0 volts rms with total harmonic distortion rating
of less than 0.5% tested at 1 KHz and 15 ips. The input impedance is
greater than 10 K ohms. The record amplifier can produce an output to
the head at least 8 dB above the norms! 'cvel before saturation of the
amplifier occurs. The rated signal to noise ratio is 30 dB. At 15 ips,
the rated frequency response is within + 3 dB from 50 Hz to 40 KHz;é/

During field operations, selected calibration signal levels are
recorded on each tape. At the shonre based playback center, these pre-
recorded calibration signals are used to determine any signal level
errors of both tape recorders and the visicorder. The errors are then
added to the computed signal levels.

The inputs to the seven charnels are as follows (figure 3-21):

Channel 1: Voice

é/Specifications quoted were obtained from SP-SOO, FM/Direct
Recorder/Reproducer Operations and Maintenance Manual, Ampex Part. No.
48814-30,
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Channel 2: WWV audio
Channel 3: Fathometer transmitted impulse signals (Figure 3-29e)
Channel 4: Fathometer echos (reflected signals) (figure 3-29d)

Channel 5: Sparker impulse signals from the piggyback hydro-
phone (figure 3-29b)

Channel 6: Time code, IRIG standard format B (figure 3-29c¢)
Channel 7: Main streamer hydrophone (reflected signals) (figure 3-29a)

The time reference is obtained from the Systron-Donner Model 8120
Time Code Generator. The unit is used to generate an Inter Range In-
strumentation Group B (IRIG B) time code format in terms of Binary Coded
Decimal (BCD) hours, minutes, and seconds. As a Time Code Generator, it
also has a precise digital zlock, which produces a serial code for re-
cording continuous time on the magnetic tapes. On the front panel of
the instrument, updated time is displayed by an in-line nixie-tube read-
out unit.

The time base is a crystal controlled oscillator with an overall
stability of 1 part in 10° per day. The modulated code is generated on
a 1 KHz carrier with an adjustable amplitude from 0 to 10 volts (pesk to
peak) and an adjustable modulation ratio.z/ This output was connected
directly to the Ampex tape recorder,

Signal Processing (Shore Based).
The recorded tapes are processed at a shore based playback center

(figure 3-30). The tapes are first played back at 15 ips (recording

z/Information_.f:x:om--Systron-Donner Time Code Generator Model 8120

Manual,
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Figure 3-30.

Shore-base playback console.
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speed) to listen to the audio channel and note the gain setting changes
or pertinent information which might affect the computation of the signal
levels.

The Honeywell Model 5600 rack mounted magnetic tape system is a 7
track machine capable of reproducing data at seven selectable, servo-
controlled tape speeds from 15/16 ips through 60 ips. The machine has
TRIG compatible 1/2 inch tape heads with an optional voice channel on an
edge track. Fldtter, skew, and time displacement eiror are minimized by
the servo-controlled tri-capstan drive and independent reel servos. At
15 ips, flutter is rated at 0.4% P-P and.at 1-7/8 ipé 0.7% P-P. Tape
speed accuracy is rated at 0.15% of the selected speed.

The machine is fitted with 7.direct reproduce plug-in amplifiers
and one direct plug-in amplifier. The record/reproduce amplifier's
rated frequency response at 15 ips is 100 Hz to 75 KHz with a 30 dB RMS-
signal to RMS noise ratio; at 1-7/8 ips, 50 Hz to 9300 Hz it is rated at
26 dB signal to neise ratio. The input signal range required for a
normal level of recording is specified at 0.3v RMS to 3.0v RMS with
Harmonic Distortion rated at 1%, tested at 1 KHz and 60 ips. The input
impedance is greater than 100 K ohms. Each reproduce amplifier has two
equalization plug-in cards, with the correct one being selected by the
speed control switch.

During the playback operation the 15 ips and 1-7/8 ips speeds are

used. At 15 ips, the audio comments concerning amplifier gains, maneu-

vering, calibration and general observations and comments are monitored

along with a time check of WWV compared to the pre-recorded time code.
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The speed is reduced to 1-7/8 ips to give an 8 to 1 reduction of
recorded frequencies to enable better reproduction and data acquisition
by the Visicorder. The machine is operated manually and is remotely
controlled by the Tape Search Unit,

The Systron-Donner Model 8130 Time Code Reader is used to translate
the recorded IRIG B time code (BCD format) in terms of hours, minutes
anl seconds. The incoming time code is visually presented on a six
digit in-line nixie tube readout on the front panel. The rack mounted
unit decodes the incoming time code in botk forward and reverse directions
during the data playback and is used in combination with the Model 8140
Tape Search Unit, thus providing a fully automatic tape search system,
with manual override.8/

The Systro.-Donner Model 8140 Tape Search Unit (TSu' 's a combina-
tion tape search and transport control unit used with the Model 8130 . i
Time Code Reader. The TSU provides the remote control commands for the
Honeywell Model 5600 Magnetic Tape System in order to automatically
search for, locate and produce selected segments'of test data.

The Model 8140 operates as a digital limit comparator to compare
the decoded tape time from the Model 8130 with selected start and stop
times that are pre-set by the operator by means of thumbwheel switches.
Upon detection of the desired time comparisons, the search unit auto-
matically provides the various control commands (contact closures) to

the tape transport, Manual search is also included in the control,

8/Information from Systron-Donner Data Products Division Manual for the

Model 8130 Time Code Reader for IRIG B.
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In a typical operation the operator sets in predetermined times
which are correlated with a determined location relating to a particular
sample site in the survey, i.e., the coring sites. The tape automatically
searches out the start time and reads out data to the end of the pre-
selected time window at designated speeds. In order to accomplish this
feature a Variable Time Drive Unit had to be designed and built. The MMTC
modification to incorporate the Variable Time Drive Unit (VIDU) is used
to control the cperation of the visicorder paper drive motor. Both the
repetition rate and the duty cycle times can be varied by the operator.
This unit was used tc reduce the amount of photographic paper used,
thus reducing the cost of playback.

lypical sparker firing rates are .75 second and 1 second. The
visicorder paper speed is 10 inches per second. However, there is an
8 to 1 reduction of tape speed, from 15 inches per second to 1-7/8 ips,.
wirich lengthens the firing rates to 6 and 8 seconds respectively. Paper
consumption for a 10 second observation of 10 bursts amounts to 600 to
800 inches per site.

Since most of the significant information could be obtained in an
interval of .25 second to .4 second the VTDU reduced paper consumption

to a minimum of 200 inches and to a maximum of 400 inches per site.

The Honeywell Accudata 117-06 is a rack mounted 6 channel direct
coupled amplifier unit consisting of six separate solid state, wide
band, single ended, low gain amplifiers. This instrument is used to
drive the galvanometers of the Model 1508A Visicorder.

The amplifiers amplify AC and DC voltages and provide the propei
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impedance matching and isolation between the tape recorder reproduce
amplifier outputs and the visicorder. Each channel has a multi-position
gain switch in steps of 1, 2, 5 from .01 to 10 yielding a 1000:1 range,
and a vernier control that increases the fixed gain from unity by a
factor of 2.5. The maxinmum rated input is + 300 VDC or peak AC. The
maximum rated output is + 3 VDC or peak AC at 40 milliamperes.

The accuracy at DC is + 2% and the gain or sensitivity linearity is
+ 0.2% of full scale output at DC. The frequency respounse is flat within
+ 5% from DC to 20 KHz. The overload recovery time is less than 100 micro-
seconds to within + 1% of the final value with an overload 10 times the
full scale input up to a maximum of 300 volts. The DC stability is rated
at less than 100 microvolt/degree Céntigrade. 'The noise level is luss
than + 2 millivolts RMS over DC to 20 KHz for all gains.

The Honeywell Model 1508A Visicorder (Visual Recorder) is a direct-
writing oscillograph recorder with provisions for up to 12 channels of
input. A photographic, permanent recording of the tape recorded analog
data is produced (figure 3-29f). A mercury vapor, ultraviolet light
source produces the nominal 0.2 inch wide traces on the 8 inch wide
sensitized paper which is relatively insensitive to normal room lighting.

The recorder includes a high-linearity optical system consisting of
5 fluid damped miniature galvanometers, an accurate grid line system and
timing line system. The recorder drive system can be operated at speeds
ranging from 0.1 to 80 inches per second. Four reference timing line
intervals of .01 to 10 seconds, with a basic :_1.5% accuracy, can be

selected on the recordings. The simultaneous recording of the grid lines
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and galvanometer traces at the same point on the paper climinates any in-
accuracies due to dimensional changes in the paper caused by humidity
or lateral paper movement during the recording process,

Five, fluid damped, miniature, type M-5000 galvanometers are used.
Their normal undamped natural frequency is 5000 Hz, with a rated flat,
+ 5%, frequency response of 0 to 3000 Hz. The mirrors are optically
coated to insure maximum efficiency of the reflecting surface. The
maximum deflection of the AC operation is rated at 3,5 inches which
maintains the proper ortical qualities and a + 2% linearity specification.
Each magnet assembly is heated and thermostatically controlled at 120° F.
This temperature control insured top performance and stability of the
fluid-damped galvanometers by maintaining a constant viscosity of the
damping fluid,

A typical paper drive speed of 10 inches per second is used with a.
timing grid of 0.1 seconds. Kodak type 1895 Linagraph paper is used.
The relative writing speed of the paper is rated at up to 100,000 inches
per second. '

Exact calibration of the recorded and reproduced information signals
is accomplished by recording calibration levels of 1 KHz sine wave signals
on each of the active information channels during the actual shipboard

operation. The calitration levels are then played back on the shore

based equipment and any discrepancy is measured, noted and included in
all the readings measured and computed from the visicorder photographic
record. Therefore, the total error of both the récording and playback
systems is reflected in this one measured value for each information

channel.
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The equipment used to record and measure the calibration levels is
a Wavetek Model 111 Voltage Controlled Generator and a Tektronix type
422 oscilloscope,

The various incoming information signals and calibrat.on signals

e

are monitored with the Tektronix type 422 dual channel oscilloscope.

The vertical deflection accuracy is within the rated 3% of the indicated

s i

deflection factor. The range of vertical deflection is from 10 milli-
volts per division to 20 volts per division, in 11 calibrated steps. The “

frequency response of both channels is flat from the rated DC to 15 MHz

at the -3 dB point. Single, dual trace alternate, or chopped modes of
presentation are depicted for later analysis.
Seismic Data Processing.

Al) the seismic data processing is accomplished at the Tiburon
Center. Viticorder reproductions are analyzed by measuring the peak
amplitudes of the transmitted and received pulses. These measurements
are accomplished by hand and computed directly without the aid of
digital computers.

The location of each of the 16 core sites are correlated for position
to the seismic data by the time reference marks on the x-y plots and the
listing from the digital printer. The times obtained thusly are set by
the operator on the tape search unit. When the selected time on the tape
is read and monitored, the recorder is then set to 1-7/8 ips and the play-
back amplifier adjusted to provide the proper recording levels. The tape
playback is automatically or manually cycled and by use of the variable
time drive unit the visicorder drive is controlled to provide a visual

record of the taped signals (figure 3-29f). Eack tape is then run to
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the recorded calibration sections where any signal level variations from
the known calibration levels can be noted and incorporated in the compu-
tation of the measured signal levels (peak amplitude of the desired event
on the impulse-response wave train). The visicorder gain levels are noted
on the record (figure 3-29f) and the signal levels of the desired events
are measured. The measurement is converted to the corresponding voltage
level for computation.

The steamer hydrophone events are identified in several ways.
Generally the water depth (in time) is sufficient, or when readily identi-
fied the character of the impulse hydrophone signal.. Another method in-
volves checking the seismic record and timing the multiples of the primary
reflector (sea floor horizon). One can usually distinguish the real
signal of the surface reflector horizon from other reflectiug sources or
induced noise sources by establishing the time differential between suc-
cessive multiple reflections and regressing to the primary reflector
event.

The playback wave forms fed from the tape recorder to the Honeywell
AC to DC amplifier are illustrated in figures 3-22 and 3-29. The typical
playback signal ;mplitudes are: streamer receiving hydrophone signals
3 to 4vp-p (figure 3-29Ya); the piggyback impulse signals 1.2vp-p (figure
3-29b); the fathometer receiver signals 0 to 2vp-p (figure 3-29d); and
the fathometer transmitter signals 1.5vp-p (figure 7-29e).

High Frequency Impulse Signal.
Trouble was encountered with both the amplifying and recording of

the fathometer received echo signals. The beam width of the fathometer

transducer is apparently too narrow, the fathometer is designed to

»
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operate at depths up to 2460 feet, to obtain an absolute amplitude
measurement c€ the signal. The primary problem encountered was main-
taining a consistent return amplitude at any one location. Even when
the boat was moored at one fixed location to test the consistency, re-
peatable amplitudes were never reliable. For this reason, data used
in the investigation is limited to the broad band (0-5 KHz) sparker
source (section 3,2.9),
3.2.6 Sediment Sampling Equipment

In order to verify reflectivity measurements it was necessary to
have a core sampler which could rapidly sample the first meter of sur-
face sediments and obtain relatively undisturbed samples. This was re-
quired for reliable engineering and mass physical property determinatiouns.
A one meter core length was decided upon because the depth of penetration
was also within the wave length of either of the two acoustic sources
employed. This makes it possible to determine to what degfee changes in
the near surface lithology or structural variations influence the re-
flection coefficient. Three samplers of the gravity-type or piston-type
gravity corer variety were tested but found unsatisfactory. It was
therefore necessary to design, ronstruct and test a coring device that
would provide the desired capability. It was also decided that the
energy source for penetration should not be percussion or rotary since
these types tend to induce sediment distortion. Therefore,a steady
thrust energy produced by pneumatic power was incorporated in the design.
Diver Operated Corer - Design.

Simplicity of operation and a minimal number of mechanical-electri-

cal features were other criteria used for design of the corer. A study
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of figures 3-3) through 3-34 gives self-explanatory details of the Jesi n
and hardware incorporated in the final product. Dpetails covering the
laboratory and field test of ‘the prototype tool are in a report by
Jenkins and Takeyama (1971). The field testing and evaluation of the
pPrototype corer were done In conjunction with the sampling program for

the reflectlvity experiment.

Operation.

All work assoclated with the coring program is done from the
DOODLEBUG, a 40-foot converted launch (sect. 3.2.7). A crane and winch,
having a load capacity of 1,000 pounds, were used to handle the corer,
Scuba divers are used - during the actual sampling. Three divers are
normally required; two operate the device under water and the third
remains on the surface as standby and relilef. Valves, located on the
corer, are actuated by the divers. These can be regulated by the dlver
to enable a flow of air pressure to drive a piston that forces the
Shelby sampling tube slowly into the sea floor. The force of the steady
thrust is controlled by regulating the pressure. When full penetration
Is observed a three-way valve is reversed and three independent hydraul ic
pistons 1ift the main carriage away from the base plate, thus retrieving
the core barrel from the sediment. A diver Immedlately caps the lower
end of the barrel to preclude core loss. The core unit Is completely
sealed while under water so that water content remalns as It was In sltu.
The removal of the core varrel and replacement of a second core barrel 1Is
done by the divers under water. Thls saves time and makes preparation
for the nsxt sampl ing operation more efficient, particularly when a

vessel has a very small deck area,
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Figure 3-31. Diver operated corer (retracted position).
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Figure 3-32. Diver operated corer (extended position).
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Figure 3-33. Core retainer modified Shelby tube.
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A complete cycle of sampling, excluding ship positioning and 2-point
mooring time, takes approximately 10-20 minutes in water 40-60 feet deep.
The corer is capable of sampling both semi-consolidated (clays) as well .
as unconsolidated sediments.

3.2.7 Research Vessel

All the fiwld operations mentioned in this experiment were conducted
from the R/V Doodlebug, a 40-foot converted launch (figure 3-35). The
vessel is equipped with standard shipboard equipment consisting of a
compass, single side band radio, radar, fathometer, a 4 KW diesel-electric
generator to supply 110/220 VAC power to *he recorders as well as a
separate 7.5 KW, 110/220 VAC diesel-electric generator to operate the
sparker seismic system. The vessel is powered by two 197 hp diesel
engines with twin screws for easy maneuverability. Cruising speed is
about 9 ¥nots, although normally survey speeds average 4 to 5 knots. A
1/2-ton portable hoist with 600 feet of 3/16'" stainless steel cable is
mounted in the aft section for handling loads up to 1000 pounds or towing
vehicles containing instruments.

Precision Navigation and Positioning System.

The precision radio location system is manufactured by Hastings-
Raydist, Inc.. (subsidiary of Teledyne, Inc.). It is used in referencing
ship's position to geodetic control and for automatic real-time tracking
during survey operations. Incorporated in the system is an electronic
subsystem which enables real-time, on-line digital and graphical con-
version of lane identification coordinates derived from the Raydist
range-range mode system to x-y grid coordinates. The subsystem was de-

veloped by the Marine Minerals Technology Center. Diagrams and hardware
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Figure 3-35. R/V DOODLEBUG.
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components of the total system are shown in figures 3-36 and 3-37.

The ship's position and track are accurately located to within + 10 feet ‘
based on daily repeatability chacks of the calibrate value (geodetic

control point). Details concerning the system and electronic subsystem

may be found in a report by Barnes and Newman (1971).

3.2.8 Field Operations

"he field test site selected for this investigation was originally
intended for Monterey Bay, Zaliforniu; however time and circumstances
prevented accomplishing this objective. The investigation reported
herein is confined to a site in San Francisco Bay which had been intended
for use as a preliminary site for shakedown tests of the systems and pro-
cedures prior to the Monterey Bay study. Although a thorough and de-
tailed study as programmed for the Monterey Bay work was not conducted in
the San Francisco Bay experiment, it is felt the data obtained is signifi-
cant and representative of the goals desired and worthwhile documenting in
this report (section 3.2.9).

Target Site.

An area immediately south and west of Red Rock in the northern
reaches of San Francisco Bay and south of the San Rafael-Richmond P-.dge
was selected for the test site (figure 3-38). The bottom sediments in
the survey area are of several types. Mud, silt, sand, rock and clays
indurated with shells comprise some of the types of materials dredged
from the bottom in earlier work by the National Ocean Survey (formerly
U. §. Coast and Geodetic Survey -- refer to chart USCEGS No. 5532).

The wide variability of sediment/rock type, shallow water, estuarine

environment, and logistics were factors influencing the selection of 4
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the area and determining the core sites (see Appendix - Sect. 4.5)

A program was drawnto apply a dense grid pattern of 600 foot line
spacing over an area of 1-1/2 square miles (figure 3-38). Core locations
were designated at 16 sites, each located approximately 900 feet apart.
The actual program proposed was completed almost in total and as pro-
grammed. Two separate seismic surveys were made at different times in
August 1971 and September 1971. Figure 3-39 reflects the latter survey
covering the actual work. Most of the reflectivity data was derived
from the second survey. Seismic production amounted to about 26.5 miles
of continuous seismic profiling. Sixteen core locations were occupied
and at least one core was taken at each site. At several core sites
two or more cores were taken. Core retention averaged about 90% for all
sites. Water depth ranged from 26 to 41 feet (uncorrected), averaging
about 33 feet. The bottom topography is generally uniform with only
minor changes occurring in the western edge of the area in the vicinity i
of the Richmond Channel (figure 3-38). l
Navigation~Positioning.

The Raydist Model DR-S High Accuracy Short-to-Medium Range Radio-
location system was used to provide precise positioning and guidance for
the vessel (section 3.2.7.1). Two shore-based stations are required for
the range-range system. The north station, designated "Red", is located
at the University of California Field Station in Richmond and the south
station, designated 'Green', is located at the Treasure Island Naval Base
in the center of San Francisco Bay mid-span of the Oakland-San Francisco

Bay Bridge.
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Pre-plots of profile track lines are drawn on transparent reuseable
overlays made from conventional maps using the California Grid system
(Lambert Coordinates) as a reference. The boat operatc. uses the x-y
plotter with preplotted track to guide him onto the desired course and
to pre-designated core sites. The scale of the overlays is large
enough to provide high resolution plotting capability (1 inch = 1000 feet),
A Hewlett-Packard Model 9100A programmable calculator automatically con-
verts the range-range 'red" and ''green' lane counts that reflect distance
from each of the respective shore stations to the vessel (each lane equals
148.2282 feet) to x and y Lambert grid coordinates (California State Grid
Coordinate System). The Hewlett-Packard Model 9125A digital plotter is
fed these coordinates approximately every 1.3 seconds to provide a real-
time automatic plotting navigation positioning system. A digital printer
is commanded through the program to print out on-line the ''red" and ''green"
lane counts, x and y coordinates and the time of print out. There is also
a provision for digital depth data to be printed if it is required. Green-
wich Mean Time is used as the reference for all events recorded in the
navigation-positioning operation, and for ancillary recorders associated
with the acoustic and magnetic tape recording systems.

The average position error for the runs made on a daily basis was
.06 lane on the "red" count (8.9 feet) and .08 lanes on the '"green'" count
(11.9 feet). The Raydist is a non line-of-sight system using ground wave
transmission. Errors are felt to be caused by changes in velocity of wave
propagation, not positioning the boat in the exact position when it is
originally calibrated and recalibrated, or insufficient warmup time prior

to commencing operations.
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The subsystem interface also contains a digital clock with 5 select-
able time outputs ranging from 1 minute to 30 minutes. This timer controls
a marker interface wkich simultaneously marks the records of the fathom-
eter, seismic recorder, Raydist strip chart recorder, and controls the
Raydist digital printer (auxilliaryunit to the HP printer). The vessel's
location in lane counts is sequentially assigned station numbers that are
used for annotation in addition to the time reference. The operator
p~riodically annotates the records with the station number and time. The
marker interface can also be manually operated to index significant events,
such as occur during maneuvering, amplifier gain changes, calibration
points, coring events, and so forth.

Survey and Sampling Operations.

The total complement of crew and project staff consists of a boat
operator, an electronics technician and a geophysicist during seismic
operations. The sampling work requires three divers and a geologist in
addition to the boat operator and electronics technician.

Once the navigation system is calibrated, at a preselected geodetic
control point, the vessel proceeds to the test area. The acoustic source
and receiver units are deployed and towed in a side-by-side configuration
approximately 65 feet astern of the vessel. Vessel speed during survey
operations is maintained at about 4 - § knots. The seismic source is
electronically detonated once every second and the received signal is
recorded both in graphic form (variable density) and onto magnetic tape
(section 3.2.5.3). Voice annotation on the tape, and written logs are

maintained throughout the operations.
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During sampling operations, the vessel is anchored and position
movement is monitored on the X-y plotter readout (scale 1" = 50').

Coring is accomplished at slack tide to allow safe operations for the
divers. Core production was limited to two per day mainly because of

the strong currents produced by the changing tide. Details of the coring
operation are noted in section 3.2.6.2.

3.2.9 Data Analysis

Core Sample Analysis.

The object ot the core sénple amdysis phase of this investigation is
to determine the character of the sediments in the area where the acoustic
measurements are made. The analyses are directed toward obtaining grain-
size and mass characteristics of the sediments. These measurements are
used directly for correlation with the acoustic reflectivity measurements.
Due to the shortage of time and personnel, only cursory mineralogical
examinations have been made of the samples at the time of this report.

The samples were obtained with the MMTC-developed, diver-operated,
bottom-sitting coring drill, which is capable of obtaining a core 70
centimeters long and 7.9 centimeters in diameter (sections 3.2.6 and
3.2.8.3). Most of the cores obtained during this investigation were
between 60 and 65 centimeters in length. When the sample is taken, the
core-barrels are sealed under water, brought to the surface, and stored
in a vertical position during transit to the Tiburon laboratory. Usually,
the laboratory processing begins within 2 to 4 hours after the sample is
taken from the floor of San Francisco Bay.

Upon arrival in the laboratory, the exterior of the core-barre; is
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cleaned and wiped dry, and the whole assembly (core-barrels, seals and
contained sample) weighed. The seal is then removed and the excess

water carefully siphoned off and its weight recorded. The depth to the
solid material is then meas:red and recorded, and the volume, wet weight,
and wet density of the sample calculated. The core-barrel is then placed
in the horizontal core-extruder and extrusion of the core starts.

Samples for water content determinations are obtained by taking six
slices 1 cm thick from the core as it is extruded from the barrel. These
slices are caught in pre-weighed glass Petri dishes, and each set of six
samples is weighed immediately, placed in a calibrated drying oven, and
dried to constant weight. The process of obtaining the slices, weighing,
and placing the samples in the drying oven consumes approximately 3
minutes per set of 6 samples. After the material for the water content
determinations is obtained, Torvanda/and Penetroletetg/measurelents are
made on the face of the core remaining in the core-barrel. The core is
extruded another 14 centimeters, cut off, and stored in plastic containers
for future mineralogical analysis. This routine is repeated until no
further core remains in the core-barrel.

Specific gravity (dry density) determinations are made on the
water-content samples after they have been dried and weighed. A 50 - 60
gram split of the dried material is taken, crushed, and ground to approxi-

mately minus 100-mesh size and the specific gravity is obtained with a

9/

‘The Torvane and Penetrometer data are not included in this report

because of suspected instrument malfunction.
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Beckman Model 936 Air Comparison Pycnometer for cach of three levels in
the corc; 0-6 ¢m, 20-26 cm, and 40-46 cm with 0 corresponding to the
surface of the bay floor. The average of the three determinations is
uscd as the dry density for the core sample.

The remainder of the water-content material is placed in a 200-mesh
sicve and the minus 200-mesh material is washed from the sample into a
3-gallon plastic bucket, allowed to settle, and the clear water carefully
decanted.  ‘The slurry remaining in the bucket is washed into a drying pan
with a minimum amount of water and dried. The dried minus 200-mesh
matcrial is weighed, and a 35 gram split taken for sub-sieve analysis.
Sub-sicve analysis is accomplished by the hydrometer method using 1000 al
graduate cylinders in a constant temperature water bath. Meanwhile, che
plus 200-mesh material is dried an? sicved through selected sieves using
a mechanical sieve shaker. A 10- minute shaking cycle is used for the
sicve analysis. A per cent finer cumulative curve is constructed from
the sieving and hydromcter analyses and the mediam grain size, 25 per
cent quartile, and the 75 per cent quartile picked off the curve. The
arithmetic quartile deviation, the geometric quartile deviation (sorting
cocfficient of Trask) and the Log,, Sorting Coefficient are then calcu- |
lated. A tabulation of the grain size and mass characteristics of all

the sediment samples is presented in the Appendix (section 4.6).

Corrclation of Mass Physical Properties to Reflectivity.

The grain size znd mass properties data are correlated with tne
acoustic data using a lincar regression program on a Hewlett-Packard
Modc! Y100A Programmable Desk Top Calculator. ‘The program calculates

the cquation of the straight line of best fit of a sct of data points.
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The best fit is determined by minimizing the sum of the squares of the
deviations of the data points from the line. The program also calculates

a correlation coefficient, r, an indication of goodness of fit. If r = 0,
there is no correlation. If r = + 1, there is perfect correlation or a
perfect fit. Currelations were run, where data available, on the 0-6 cm
fraction, 20-26 cm fraction, 40-46 cm fraction, and also on the average
value for the whole core of each of the grain size and mass characteristics
obtained. The results of these correlations are shown in Tables 3-3 and
3-4, as well as the stendard error per correlation.

3.2.10 Results and Conclusions

The magnitude of the correlation coefficients presented in Tables
3-3 and 3-4 corroborate Breslau's (1967) conclusion that a significant
correlation exists between bottom loss and certain physical characteristics
of the sediments. Most notable are the relationships between bottom loss
and the scdiment's porosity, grain size, and fine material (silt-clay)
content. A comparison of the correlative value$ obtained in this investi-
gation and those obtained by Breslau's (1967) much more extensive investi-
gation is presented in Table 3-5. It should be noted that Breslau's data
were obtained, for the most part, in the offshore marine environment where
relatively uniform sediments prevail over large areas, whereas this in-
vestigation was conducted in essentially an estuarine environment wherein
the character of the bottom sediments is extremely variable over very
short distances. 7he comparability of the two sets of data is therefore
rather reinarkable and seemingly indicates & high degree of validity for
the technique. Also, the improvement must, in part, be attributed to

the use of precision radiolocation positioning and navigation equipment
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Table 3-3. Correlation Between Bottom Loss —
and Sediment Grain-Size

Sediment Grain Size Correlation Standard Errorll/

(core interval) Coefficient (r) dB/Unit
Median Grain Size (0-6cm) .87 + 325
Median Grain Size (20-26cm) .83 + .367
Mediam Grain Size (40-46cm) .91 + .276
Median Grain Size (av for ea core) .92 + 227
% (Silt § Clay) (0-6c¢cm) .93 + .252
% (Silt & Clay) (20-26cm) .75 + .450
% (Silt & Clay) (40-46cm) .89 + .308
% (Silt & Clay) (av for ea core) .89 + .305
Shell content (0-6c¢cm) .004 + .643
Shell content (20-26cm) .27 + .692
Shell content (40-46cm) .13 + .609
Shell content (av for ea core) .69 +  .4651
Sorting Coefficient (0-6cm) .89 + 291
Sorting Coefficient (20-26cm) .78 + .395
Sorting Coefficient (40-46cm) .83 + .356
Sorting Coefficient (av for ea core) .92 + .252

10/

Bottom loss calculations are based on peak pressure amplitude measure-

ments and Rayleigh Reflection Coefficien: determinations.

"/ The standard error of estimate (S is the standard deviation about a
line of average relationship. Assuming a normal distribution, 68 per cent
of all cases will lie within a range of + S, 95 per cent will fall within
+ 2S, and 99.7 per cent will fall within + SS
lat1onsh1p of bottom loss to the other variable is of interest. The values
of S are therefore in terms of decibels (db) per unit of paired variable.
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and developing a sampler that can obtain relatively undisturbed core

samples.

Figures 3-40 and 3-41 provide graphic illustration of the practical
value of the investigation. The 3-component diagram (figure 3-40) shows
a marked propensity toward finer grained material in the San Francisco
Bay test site. It is significant to also note the coincidence of the
data along the western edge to the large area designated for dumping of
spoils indicated in the nautical chart (USC&GS Chart 5532). The high
degree of fines may be associated with the dump area (figure 3-41).

In producing maps from acoustic measurements such as represented by {
figure 3-41, it is important to realize hcw meaningful the distribution
factors are. The lithologic designations (i.e., sand, clay, silt, etc.)
illustrated on the map would appear at first sight to reflect only gross
classification, without regard to their respective mass physical properties.

However, the addition of hottom loss (dB) characterizes much more than

lithology. Within the zone of influence there is an added dimension that

can provide the practical-oriented engineer meaningful data regarding !
soil and rock properties. The combination can yield valuable information

leading up to the prediction of parameters such as stability, bearing {
strengths, compressibility, etc.

Last, but not least, this knowledge can provide the ability to under-
stand how disturbance of these materials (i.e., through turbidity, trans-
portation of fines in solution) will affect the environment and influence

the ecologic balance.
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Table 3-4., Correlation Betwecen Bottom Loss —
and Sediment Mass Physical Properties

Standard E-/
Correlation Error of
Coefficient (x) Estimate
Dry Density .03 + .679
Wet Density .70 + 4,166
Water Content (0-6cm) .90 £ .295
water Content (20-26cm) .84 + 374
Water Content (40-46cm) . 86 + 352
Water Content (average for each core). 88 + .328
Void Ratio .68 + .452
Porosity .73 £ 455

Table 3-5. Comparison of Correlative Values of MMTC vs Breslau (1967)

/
Standard Error L5
Correlation Coefficient dB/Unit

MMTC Breslau MMTC Breslau
Porosity .73 .70 + .455 + .039
Grain Size .92 .646 + .227 + .292
Sorting .92 . 343 + .252 + .660
Fine Material .89 .786 + .305 + ,015

(Silt § Clay)

12/
2/ Bottom loss calculations are based on peak pressure amplitude measure-

ments and Rayleigh Reflection Coefficient determinations.

!__3_/ The standard error of estimate (S) 1is the standard deviation about a
line of average relationship. Assuming a normal distribution, 68 per cent
of all cases will lie within a range of + S, 95 per cent will fall within
+ 28, and 99.7 parcent will fall within + 3S. In this instance, the re-

Tationship of bottom loss to the other variable is of interest. The values
of S are therefore in terms of decibels (db) per unit of paired variable,
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APPENDIX

A-] Data for Resistivity vs Porosity Measurements
Water

Sample Conductivity Poros1ty Resistivity Conductivity Formation
1.D. mho/m % ohm-m mho/m Factor
35x48 4.70 42.8 0.757 1.32 3.56
sand 41.2 .782 1.28 3.68
39.8 . 807 1.24 3.79
38.1 .836 1.20 3.94
48x65 4.40 42.7 . 806 1.24 3.55
sand 39.7 .900 1.11 3.96
37.3 .945 1.06 4,33
100x150 4.70 46.2 674 1.48 3.12
sand 43.7 .713 1.41 3.35
42.7 .723 1.38 3.40
40.8 .802 1.25 3.77
39.3 .812 1.23 3.82
4x6 4.40 49.6 683 1.46 3.00
dolomite 47.2 .718 1.39 3.16
45.0 .757 1.32 3.33
40.0 .811 1.23 3.57
9x10 4.40 49.3 732 1.37 3.22
dolomite 47.0 .786 1.27 3.46
44.0 .846 1.18 3.86
14x20 4,25 51.0 743 1.35 3.17
dolomite 49.3 .786 1.27 3.34
47.4 .832 1.20 3.53
65x103 4.65 55.3 .584 1.71 2.72
dolomite 54.2 .594 - 1,68 2.83
52.8 634 1.58 2.97
50.8 673 1.49 3.12
49,3 .678 1.47 3.15

159




Water
Sample Conductivity Porosity Resistivity Conductivity Formation

1.D. mho/m % ohm-m mho/m Factor

35x48 3.40 42.5 1.00 1,00 3.40

sand 40.7 1.04 0.980 3.55

39,0 1.12 0.893 3.79

36.5 1.19 0. 840 4.05

36.1 1.20 0.833 4.08

48x65 3.43 43.9 0.965 1.04 3.30

sand 42.2 1.01 0.990 3.47

40.3 1.07 0.934 3.68

38.3 1.14 0.877 3.89

100x150 3.47 44,7 0.955 1.05 3.32

sand 43.1 0.990 1,01 3.44

41.3 1.04 0.962 3.63

38.8 1,11 0.901 3.85

4x6 3.48 49.0 0.842 1.19 2.93

dolomite 47.4 . 881 1.135 3.07

46,2 .895 1.12 3.13

44.4 .955 1.05 3.23

9x10 3.48 50.3 . 821 1,135 3.07

dolomite 48.5 935 1.07 3.26
47.3 .970 1.03 3.38 4

45.6 1.02 0.980 3.57

44.3 1.05 .953 3.68

14x20 3.48 51.6 .891 1.12 3.11

dolomite 50.0 .945 1.06 5.30

48.4 1.01 0.990 3.51

46.1 1.06 .943 3.71

65x100 3.48 54.5 .827 1.21 2.88

dolomite 52.0 .852 1.17 2,97

50.8 .881 1.135 3.07

48.3 .955 1.05 3.33
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Water
Sample Conductivity Porosity Resistivity Conductivity Formation

1.D. mho/m % ohm-m mho/m Factor
35x48 1.67 42,7 2.05 0.488 3,43
sand 40,6 2.16 .463 3.56
38.3 2.32 .432 3.87

36.3 2.46 .407 4.12

48x65 1.67 44.6 1.93 518 3.23
sand 42.6 2.08 .482 3.46
40,7 2.18 .458 3.64

37.4 2.42 .413 4,05

100x150 1.67 46.3 1.79 .559 2.99
sand 43.4 1.91 .524 3.20
42.2 1,98 .505 3.30

39.2 2.28 .438 3.81

4x6 1.67 50.0 1.66 .603 2.77
dolomite 48.5 1.72 .582 2,87
47.0 1.78 .562 2.97

43.5 1.98 .505 3.30

9x106 1.67 50.3 1.73 .578 2.89
dolomite 48.7 1.84 .543 3.07
47.2 1.95 .513 3.24

43.7 2.15 .465 3.59

14x20 1.74 53.3 1,63 .613 2.84
dol wmite 51.9 1.69 .592 2,93
50.3 1.78 .562 3.10

48.7 1.88 .533 3.28

46.5 1.98 .505 3.45

65x100 1,76 55.9 1.43 .700 2.61
dolomite 54.1 1.53 .654 2.69
53.2 1,55 .645 2,73

51.8 1.62 .617 2.84

50.0 1,73 .578 3.03
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A-2 Calculation of the Potential Field Due to a Point
Source of Current over a Two-layered Sea Floor
A-2-1 Introduction
In order to develop curves such as those shown in figures 2-14

and 2-15, the potentials about a polnt source of current on the sea
floor must be known. Terekhin (1962) has derived a general method for
calculating the potentials over a bottom with any number of layers, and
Van'yan (1956) has developed curves for a |imlted number of cases,
Marke (1965) has done a more detalled study of a Wenner array on the
sea floor over a single submarlne layer. In thls sectlon, equatlons
for a polnt source of current over a one-or two-layered bottom will be
developed and a computer proéram for calculating these potentlals wll]
be presented.

The necessary relatlonships between current density, conductlvity,

charge density, potentlal, and time are:

Ohm's law: J = oF = E/p 4.1)
Contlnulty equatlion: VeJ = -3p/ 0t (4.2)
Electric field Intensity: F = -$y (4.3)

where J Is current denslty
0 Is electrical conductlvity
p Is electrical resistlvity
is the gradlent operator,
(In rectangular coordlnates)
t Is time

V is potentlal
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Combining these, and assuming the medium to be homogeneous and isotropic,

gives
ovV2V = 3p/5¢
or ‘+.‘6
V2y = Ip ( )
where [ is the current generated at a point

2 2
V2 is the Lapiaci 3 + 3 z ¥
placian operator, | 352 oy

(o34

)

g

(in rectangular coordinates)

if no current is being generated at the point,

vV = 0 (4.5)

The potential V at any point in a region in which current is
flowing is given by (4.4), and, if no current is being generated at
the point, the potential is given by (4.5). For the special case of
a whoie space containing a point source of current, the solution to

(4.4) is

V.= Ip/4nR (4.6)

where R is the distance from the current scurce,
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A-2-2 General Solutlon

In cylindrical coordinates (4.5) may be expressed as

2 2 b ] 2

In our proble, we will have no @ dependence so (4.7) may be

simplifled to

92V . 1 v a3y
wwrr et 0 (4.8)

By separating varlables, the solution to (4.8) is shown to be

V(r,z) -jw[n(x)e*‘ + a(x)e'*’] Jo (Ar)dx (k.9)
(0]

where A and B are constants
A is & dummy varlable

Jols the Bessel vunctlon of order zero
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A-2-3 Particular Solution

The two-layer case analyzed is shown in figure 4-1. In any

layer not containing the current source, the potential Is glven by:

Vi(r,2) -s:[}i(x)e*z + B,(A)e'*‘] Jo (Ar)da

(4.9)
where 1 is 2, 1, or -i. In layer zero, the particular solution
(4.6) must be added:
Ip © -
Vo = T:T + S [A,(A)e“ + Bo(1r)e Az] Jo(Ar)dr ,
. ﬂ o
where R = r_z + zz
Lettin 10, (4.10)
? % "I ¢ y
the complete solution to th problem may be expressed by the
following set of equations:
= | Az, A)e'“] Ja(Ar)da
V. So[Az(*)e 2 (b.11)
= Az -AZ]
= + A)e Jo(Ar)da
Vi, SO[AI(A)E Bl( ) 0 (4.12)

Vo = 2 +S°°[Aome“ ‘ Bo(x)e'“] SelArddr gy g
0

Vo, = S [A,,(x)e*z + 3_,(x)e'*z] Jo(Ar)da (b.14)
]
The boundaf; conditions at each interface are:
vi = vi-l
(4.15)
LIS S AL =2, 1,0
Py 32 Py, 92 (4.16)
and
Vo==0 as 2=+ = (l‘.|7)
Vi==0 as 2-e- (10.18)
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Grant and west (1965) derive equations (L,15) and (4.16) on
pages LO4-405, and van Nostrand and Cook (1966) treat the problem outlined ®
above for the land case in detail.

By using the Weber-Lipschitz identity,

%=S e M Jo(Ar)dr ; 2 >0
0

(4.19)
%=s eh2 Je(ar)dr ; z <0 (4.20)
defining ° {
Ker = (po - p1)/(po + p1) (4.21)
K2y = (py - 0,)/(p, + p1) (4.22)
1
ke1o0= (p-,- Po)/(p-,+ Po) (4.23)

and doing the necessary algebra, we arrive at the desired solution

for V), the potential in the water layer:

T(FoCot 1) + Ca(Fo+ 1) e,
y ¥4 -2 (4.24)
Vi q°go T +7¢;) [%;e +e ] Jo (Ar)da
where
ko1 - €1 - Cy(C, - ko1)
A Y (1Y 7o b o e e (4.25)
€, = kz:e-ZAh (4.26)
L, = o220 (4.27)
C, = k-xo e-ZAl

(4.28)
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For the case of practical interest, where medium 2 Is air, the
source and measuring elect: 2»des are both on the sea floor,b = 0,2.=0
and

pre=, C, = ¢"2Ah | 4ng Ca= 1. Then, lettirg

(kor - e 22M) (1 4 ¢y)

Fo = =
0 (e-ZAh ko1 - 1) + Cs(e 2xh _ 1) (4.29)
leads to .
V, = q.s (Fo' ~ 1) Jo(Ar)da (4.30)
0

For the simplest case, where L-=» and thare is only a

singie sediment layer, Cs~=0 , and

(] 01 =~ €
v‘/l'o = v‘/z-o = ¥ + q{ e—_ZWko! N ]J J.(Ar)dx (“.3')

For the case where(r/h-~o (the water Is very deap, or the array very

small), Qo -
V-—r— + Qol -koi Jo(Ar)da ,
0

& V' Q0 2p,
r/heeo r Llee * o1 (4.32)

if (r/ -0 (the array Is very large, or the water vary shallow),

Qo “[kol - ]]J (Ar)da
Voo o Qo. Fo1 + 1 eLAr ’

or
1q, Ipo ,
v rihee Tt T (4.32)

which Is the corract value for a point source over a half space.
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A-2-4 Deep water, Single-Layer Approximation

In many actual situations, the water depth and the thickness
of the first layer of sediments wiii be much greater than the 2iectrode
spacing a. For this case, a useful formula reiating the formation
factor, p sediment/ p water, to the measured parameters a, AV/I1, and
Py May be derived from equation (4.32) as shown beiow,

From equation (4.32), with h and | in figure b-i much greater than a,

| Iog [ 2 0o,
vr - 4y Pw = Ps

where P is the resistivity of the water, and P. is the resistivity of

the sediment. For the Wenner array,

&V = 2(V, - Vg )
or
Ie 2 oy, (4.34)

h>>a”™ 2na(p. + o)
>>a s w

Av

soiving for ps/ Py
1

Ps/py = P (4.35)

ara &Y _

'nar—-

This is the formula used In piotting figure 2-20.
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Lower Sediment Layer

Figure 4-1. General two-layer case.
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A-2-5 Computer Solution
Equations (4.24), (4.30) and (4.31) cannot be expressed Iin a

closed form suitable for caiculation by hand. It was decided, there-
fore, to set up a computer program to soive thase equations by numerical
integration. Only the programming for equation (4.31) will be described
in detail here. Programs for the more general cases are more compiex,
but simllar in generai approach.

The integral part of equation (4.31) is In the form of a Bessel

function muitipiled by the modulating function F, where

Fe 4.36
Q-Akol“‘ (3)

l.e., ©
vl = ;:- + qos F(kol. Au h)JC(A")dA (“.37)
(o]

These two functions are shown graphicaliy in figure 4-2.

Jo{Ar), approaches zero and F approaches -koi, as Ar approaches
infinity.

The program flinds }‘a' the value of A at which F 1s equal to
kg1 wit! .1 some smali specified error. it then evaluates the

integrai portlon of (4.31) numericaily by using the equatlon

® ) Sx-xad (‘ ) o SM" ( )d]
Fdo(Ar)da = Fdo(Ar)da - = - Ar)da|:
so ! Am0 o L M (4.38)
The program used to caicuiate the values of V for figure 2-i5 is .

inciuded as sectlon 4.2.6.
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—dJdp (dr) l

Ar

“hoi

Not to scale

Figure 4-2. Modulated Beseel function.
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A-3 Relationships for Viscoelastic Model

A-3-1 Notation Summary

ag Shear-wave attenuation coefficient
ap Compressional-wave attenuation coefficient
You&g's modulus |
4] Bulk modulus representing wave energy damping
KR_, Bulk modulus representing elastic response
Qs_| She.r-wave dissipation function
Qp Compressionai-wave dissipation function (
Vg Shear-@ave velocity é
v Compressional-weve velocity }
Bulk density
Al Lamé constant representing wave energy damping
Ap Lamé constant representing efastic response
y Rigidity representing wave energy damping
MR Rigidity representing efastic response
g Polsson's ratio
w Angular frequency
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A-3-2 Measured Parameters

Property Symbol Definition
2was
She?r-v.vave -1 -1 Hp vV
dissipation Qg Q = — = —
function S Hr (w_) - a_?
v, s
g
4 2wap
Compressional-wave -1 Ki + 3 Hp Vp
dissipation -1 Qp = i = o\ "
function Qp KR + 3 HR (t) = ap

o /2(1 + Q%)
Shear-wave Ve Vo = [Re\lg] ’Jp::\ ‘“ T 0.5-2 P

velocity

Compressional-wave v
velocity p
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A-3-3 Sediment Properties

Property

Symboi

Method of Caicuiation

shear-wave
dissipation
function

compressional-
wave
dissipation
function

rigidity
representing
efastic
response

rigidity
representing
wave energy
damping

buik moduius
representing
elastic
response

bulk modulus
representing
wave energy
damping

Lame constant
representing

eiastic response

%

=i

Q

uR

S

-1 - 2was

= ¢

S

v
s

2
w - 2
/)=
2
o) -
P P

"2 42
o <JI +Q

2(1 + Qs'z)

[
o
A~
¥
-
—
Fal
>
+
w &
=
=
e
'

W

e i u

|



A-3-3 Sediment Properties (cont'd)

Property Symbol Method of Calculation
Lame constant A A, = K
representing I I
wave energy [ - '1
damping
-2
2(1 + Q")
Poisson's Ratio c Vs =
I
i dl-n-Qp '_J
o- -
L
v S
P !{I+Q'2+l
2 -2
2(1 + Q7%
l '/|+Q'2+IJ
-z
+ + |
Young's modulus E Em¢V 2(1 + o) C
1 + Q
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A-4 Derivations of Rayieigh Refiection Coefficient
Equations and Bottom Loss

The intensity of an echo which is specuiariy refiected in the simpie

modei of the sea fioor described previousiy is given by:

i -a2D
lR=ls'K"—¥m’”‘2e (Eq. 1)

where:
IR = echo'lntensity
lg = source intensity
K = fractional loss of intensity at the sea fioor
I = transmission loss due to sphericai spreading
2
(Eg;o transmission ioss due to dissipative attenuation
e = of sound in seawater
furthermore;
P2 Pe?
R .
——— E L] 2 and = .
IR = plC] (q ) » IS p1c1 (Eq 3)
where:
Pr = pressure of the echo puise
Pg = pressure of the source puise
P1 = density of seawater
c) = velocity of seawater
Eq. i becomes:
P2 P2
R s ] o020 (Eq. &)

prcy Prcr = (2D) 2
assuming PS is pressure sstimated at D = |,

Taking the integrai with respect to time of both sides of Eq. 4 gives:

i g*f 1 I -azoj‘t
Podt = K e Pe2dt (eq, 5)
where: P161JT 'R p1€) (20}~ © b S '
T = echo arrivai time
T = time duration of transmitted puise
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Since the source generates q sine wave,

T
S Pszdt - Psz(RMS)-t (Eq. 6)
0

where the root mean square (RMS) of the pressure is equal to the peak

pressure divided by the square root of two, Eq. 5 becomes:

| T+T .
24+ = | 1 -a20
pc 8 Paldt = Gror X TmoyT ¢ Ps (RMS)eT (R, 7)
T
It is seen that K may be defined on a peak pressure basis through Eq. 4

thusly;
p_2
R 2 !
I (200" =570 (Eq. 8)
U Pync repiesents pressure of the wave front incident on the seafloor and

PReF represents the pressure of the wave front reflected from the seafloor,

then, K, the fractional loss of intensity at the seafloor is given by;

2 2 2
P2eer /P ine [ REF
K = = (Eq. 9)
pi1€1 p1€1 PiNe

For the model and incident plane waves, the ratio of the pressure of the

wave front incident on the seafloor to the pressure of the wave front
~eflected from the seafloor is given by the Rayleigh Reflection Coefficient

(17) (18) thusly;

2 _ ‘Vclzlczz - $in20

P P1 - 2
R = REF yl_- sin?6

P ) 7 . 2 . 10)
INC  pz , Vealfcp? - Sin @
where: P1 Vl - sin?0
¢ = the angle of incidence (for normal incidence ¢ = 0}

which was the case for this investigation)

The Rayleigh Equation (Eq.10) is simplified for the case in hand thusly;
c2 ~ c )
p2cC2 pP1C1 (Eq. 11)

R = pa2c2 * P1€1
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where the expression pc is called the acoustic impecance of the

medium and is designated as Z. Eq. 11 becomes by substitution:

Z, - 1
- (Eq. 12)
R Z, + I,
vhere
2 = acoustic impedance of seawater
5 = acoustic impedance of the sediment

The relationship between the fractional loss of intensity at the seafloor,

K, and the Rayleigh Reflection Coefficient, R, is shown by Eq. 9 to be: ‘
K = R? (Eq. 13)

Since it is convenient to express hydroacoustic measurements in decibel

form, taking ten times the logarithm of both sides of Eq. 8 gives;

10 log K =-20 log P + 20 log Py + 20 log 2D + 10 o 2D log e i

(Eq. 14)
which may be expressed as P
BL = Sp, - Ep - TLg - TL, (Eq. 15)
where: .
BL = Bottom loss (in dB) and is equal to - 10-1og K
SpL = pressure level of the source pulse (in 4B//1 dyne/cmz)
and is equal to 20 log Pg
EPL = pressure level of the echo pulse (in dB//1 dyne/cmz) and is
equal to 20 log Pp
TLg = spreading loss (in dB) and is equal to 20 log 2D

TLA = attenuation loss (in dB) and is equal to 10 a2D log e
Finally taking Eq. 13 and stating it in dB gives: -

10 log K = 20 log R (Eq. 16)
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which may be €Xpressed as:

BL = 20 1og R

(Eq. 17)
where;

BL = Bottom loss in dB

R = Rayleigh Reflection Coefficient
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A-5

Core Site Locations

Raydist
Core Sample dw Time Coordinates Lambert Coordinates
Site No. (ft)  (GMT) -  Red Green x y
A 1 ho 1611 210,38 266.95 1439279, 424 518634.575
2 ho 1631  210.42 266.98 1439274, 959 518635.635
B 1 37 1724 202.13 261,29 1440507.802 518442, 38
2 ¥
c 1 32 1724 193.05 254,67 1441868.575 518126.137
2 32 1748 192.62  254.9¢ 1441927, 754 518222.873
D 1 30 1830 186.02 251.}2 1442911.054 518143, 58
2 3 1900  185.81 257.0 14h2949.558 518145, 26,
E 1 26 1945  177.83 215,56 1hhh1 4], 4es 517888.568
2 302124 177.79 24y, 55 1444159179 517710.842
F 1 27 1706 176.46  259.04 1h4h304.657 520229, 775
2 27 1720 176.40 259,04 1444309.120 520230, 355
G 1 28 1811 183.21 263.04 1443305.041  520380.028
2 28 1821 183.24  263.04 1443300.518  520377.636
H 1 321759 191.39  268.02 1442097.923 520561 .40
2 32 1816 191.47 268.02 1442087.389 520557, 192
I 1 31 1856  198.90 273.08 1440994.416  520792.279
2 30 1918 198.97 273.07 1440982.243  520785. 110
J 1 36 1802  205.70 276.42 1439982.869 52076 .86,
2 37 1818  205.97 276.53  1439942,586 520756.106
K 1 421900 214.36 282.3) 1438707.668  52098¢.803
'—u/Bucket Sample
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Raydist

Core Sample dw Time Coordinates Lambert Coordinates
Site No. (Ft) (GMT) Red Green x y
L 1 39 1657 215.06 299.24 1438892.253 524055, 829
2 39 1711 215.02  299.19 1438900.723 524052.237
M 1 34 1751 206.07 293.92  1440217.857 523912.057
2 34 1806 206.01 294.46 1440241,186  524020.239
N 1 34 1736  199.09 289.66 1441240, 192 523752.573
2 34 1750 199.04 289.65 1441251.291  523756.840
0 1 27 1833  191.11 284,07 1442385.654  523415.116
2 27 1846 191.08 284.04 1442389.989  523414.000
P 1 26 2029 182.87 280.05 1443612.313 523356.853
2 28 2047 182.70 280.03  1443639.124 523366.384
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